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B ib liography .
This 'thesis p resen ts  the re s u l ts  of an experim ental 
in v e s tig a tio n  of the concept of a tra n s ie n t  f lu c tu a tio n  of 
frequency. C onsideration of an o s c i l la to r  subjected to 
continuous c iso id a l v a r ia tio n s  in  capacitance shows th a t  i t s  
ou tpu t contains a la rge  number of harmonics; i f  the frequency 
w ith  which the capacitance i s  varied  i s  high enough, i n s t a b i l i ty  
occurs w ith  a change in  the harmonic content of the ou tpu t. 
T herefore , i f  the capacitance i s  varied  as a s tep -fu n c tio n  
of tim e, i t  i s  to  be expected th a t  a t  le a s t  a l l  the harmonics 
o f th e  s te a d y -s ta te  case w il l  occur, each m u ltip lied  by some 
a tte n u a tio n  co n stan t, w ith perhaps a ra p id ly  damped in s t a b i l i t y .  
Under these conditions i t  would appear th a t  the frequency would 
n o t change in s ta n t ly  from one value to  another, but would pass 
through a t ra n s ie n t  co n d itio n . No published account o f work 
e i th e r  experim ental or th e o re t ic a l  could be found on th is  
su b je c t, and th e re fo re  i t  i s  claimed th a t  the concept of t ra n s ie n t  
frequency i s  o r ig in a l .  The method of experim entally  analysing  
the  waveform to  ob ta in  the frequency t ra n s ie n t  i s  a lso  claimed 
as o r ig in a l .  The various c i r c u i ts  used are a l l  w ell described 
in  the  l i t e r a t u r e ,  although i t  i s  thought th a t  the type of 
r e a c to r  valve used i s  an o r ig in a l  ap p lica tio n  of a well-known 
e f f e c t ;  the l i t e r a tu r e  on c ir c u i ts  i s  so ex tensive , however, 
th a t  no p o s itiv e  claim  of o r ig in a l i ty  may be made.
The r e s u l ts  of th is  in v e s tig a tio n  were analysed 
e m p iric a lly , design c r i t e r i a  being evolved; no th e o re tic a l
i
the cond itions which apply to the o s c i l la to r  herein  in v a lid a te  
the assumptions req u ired  to  obtain  a so lu tio n . Since the method 
o f waveform an a ly s is  was very laborious and time-consuming, the 
work was r e s t r i c te d  to  an in v e s tig a tio n  of one type of o s c il la to r  
and re a c to r  u n i t ,  refinem ents of the method being suggested fo r  
fu tu re  work. This in v e s tig a tio n  arose from, and the r e s u lts  
are  p a r t ic u la r ly  app licab le  to ,  sequence-sampler frequency- 
modulated te le m e tric  system s, although the r e s u l ts  may be 
extended to  any Frequency-modulated system in  which the 
m odulating waveform co n sis ts  of a pulse t r a in .
Thanks are due to Dr s .  F a irle y  and Lanont 
of the  Royal Technical C ollege, Glasgow, fo r  th e ir  construc tive  
c r i t ic is m  of the experim ental work, and to  Mr* R.G. Kulse 
o f Marconi College, Chelmsford, fo r h e lp fu l d iscu ss io n s . In  
p a r t ic u la r ,  the author i s  indebted  to  P ro fesso r F.M. Bruce 
of the Royal Technical C ollege, Glasgow, fo r  h is  generous 
a s s is ta n c e  and advice throughout the whole of th is  in v e s tig a tio n , 
and fo r  h is  perm ission to  ca rry  out the experim ental work in  
h is  department*
CHAPTER 1 .
THE GQIICEPT OF MBfUBhCY IRiiRSIENTS.
1 .1 .  O rig in  of .subject.
The concept of frequency tra n s ie n ts  arose from past work 
c a rr ie d  out by the  author on a rad io  te lem e tric  system 
u t i l i s i n g  frequency m odulation. The a r t  of rad io  
te lem etry  i s  concerned w ith the autom atic transm ission 
o f s u ita b ly  transform ed physica l da ta  from a remote 
o b je c t to  a base s ta t io n  by means of a rad io  l in k .
The term physica l data, i s  used to  denote physical 
q u a n ti t ie s  such as tem perature, p ressu re , a c ce le ra tio n , 
s t r a in  e t c . ,  as d i s t in c t  from i i i t e l l i  gence as transm itted  
by te leg rap h y  or telephony. In  most cases, rad io  telem etry  
i s  used under circum stances winch do no t perm it the 
presence o f an operato r to  observe the  requ ired  d a ta , 
as in  a ro ck e t p ro je c t i le  or a con tro lled  torpedo.
Thus, the condition  to  be measured in  the remote 
o b je c t i s  transform ed in to  a v o ltag e , which i s  then used, 
to  modulate an U.H.F, tra n sm itte r  e i th e r  in  amplitude 
or frequency,, The base s ta t io n  demodulates the s ig n a l, 
and s ince the system can be c a lib ra te d , the value of the 
o r ig in a l  cond ition  may be asce rta in ed  a t  any in s ta n t  of 
tim e. By using  a cathode ray  tube d isp lay  w ith a drum- 
camera, a continuous record  of the f lu c tu a tio n  of the 
cond ition  may be ob tained .
In  the  frequency modulated system re fe rre d  to  in
I.
on the f lu c tu a tio n  of s t r a in s ,  tem peratures, p ressu res , 
a c c e le ra tio n  and fu e l consumption from a rocket-type 
guided p r o je c t i le  in  f l i g h t .  The p ro je c t i le  ca rried  24 
d i f f e r e n t  sources o f in fo rm ation , h e re in a fte r  ca lled  
1 ch annels1, each channel being re c u rre n tly  sampled. During 
the  sampling period fo r  any one channel, the output of th a t 
channel was used to  vary the frequency of an o s c il la to r  
about a cen tre  or zero modulation frequency of 400 Kc/s 
by an amount determined by the le v e l of the qu an tity  being 
sampled. The output from th is  o s c i l la to r  was frequency 
m u ltip lied  by normal means and rad ia ted  a t  a c a r r ie r  frequency 
o f 4^9 M c/s. In  th is  cane, the sampling device consisted  
o f a motor d riven  ro ta ry  sw itch , each channel being 
connected to  a sep ara te  s ta to r  stud  and fo r  the purposes of 
channel reco g n itio n  a t  the base s ta t io n ,  th ere  was one 
synchronising  channel which tran sm itted  a d is t in c t iv e  s ig n a l, 
once every re v o lu tio n  of the  sw itch , making the to t a l  number 
o f channels 25.
At the base s ta t io n ,  the received  s ig n a l was demodulated 
in  a manner which i s  of no concern here and by a system of 
ga tin g , each channel was sep a ra ted  out and displayed on 
sep ara te  o sc illo sco p e s , a continuous film  record being taken 
over the time of f l i g h t  -  in  th is  case, about 3 m inutes. The 
ga ting  system was so arranged th a t  o f the transm ission  time of 
each channel, th 6 f i r s t  and l a s t  po rtions were no t recorded
because o f a c e r ta in  amount o f i n s t a b i l i ty  produced by the
2
sw itch arras bouncing a t  make, and towards break, as the 
conta.ct s l i d  p a r t ia l ly  c le a r  of the s tu d .
This system produced f a i r l y  good and co n s is ten t 
r e s u l t s , bu t th e re  were l im ita tio n s  to  the accuracy 
obtainable*  To ob ta in  high accuracy the channel 
recu rrence  frequency should be as high as p o ss ib le . This 
in fe r s  a sh o rt sampling period per channel and hence the 
t o t a l  allow able i n s t a b i l i t y  period must be decreased 
acco rd in g ly . The same problem e x is ts  i f  more than the 
25 channels used in  th is  system are  req u ired .
The f i r s t  s tep  towards a so lu tio n  was an e le c tro n ic  
commutating dev ice, and i t  was known before the commence­
ment of th is  in v e s tig a tio n  th a t  the Germans had 
su c c e ss fu lly  used such a device in  the te lem etering  o f V2
rockets  and th a t  another s im ila r  system had been used in  
1,2 .
the  U.S.A. The d e ta i ls  of these systems are no t re lev an t 
h e re , b u t, w ith  the knowledge th a t  f a s t  commutation was 
p o ss ib le , i t  was the a u th o r1s opinion th a t  the f in a l  upper 
l im i t  to  commutation speed would be imposed by the 
frequency modula.ted o s c i l la to r  i t s e l f .
Thus, the problem appeared to be a considera tion  of the 
fa c to rs  a f fe c tin g  the r a te  of change of frequency o f an 
o s c i l l a to r ,  when the modulating s ig n a l varied  in  a time of 
th e  same order as the period of one cycle a t  the unmodulated 
frequency. I t  was thought th a t  under these conditions of 
m odulation, the o s c i l la to r  frequency would go through some 
t r a n s ie n t  cond ition  before s e t t l in g  down to  the new
steady v a lu e . Assuming there i s  a frequency tr a n s ie n t ,
i t  i s  required  to in v e s t ig a te  i t s  duration and the e f fe c t
o f the o s c i l la t o r  c ir c u it  parameters upon i t .  A lso,
under th ese  co n d itio n s , the d e f in it io n  to be given to
the term ’frequency* requ ires m od ifica tion .
In an attempt to gain  inform ation on these problems,
a lib r a r y  search f a i le d  to reveal any published exper-
im ental work on th is  su b ject. Van der Pol', * McLachlanf
Maginnis^and o th ers’Uave explored various aspects o f
the th e o r e t ic a l f i e l d ,  d ea lin g  with resonant c ir c u it s
whose parameters varied  by a sm all amount with respect
to  th e ir  mean value as continuous fun ction s o f time. 
Again, Barrow, in  1932*34 completed a mathematical
a n a ly s is  o f such a c ir c u i t ,  and carried  out experimen­
ta l  work at low audio frequency to support h is  theory. 
However, Barrow did not measure the frequency changes
which occurred, but was only concerned with the 
am plitude of the o s c i l la t io n ,  and with the coincidence
o f the u nstab le reg ions w ith those p red icted  by h is
theory . Further, h is  equipment was crude by modern 
tech n iq u es, using a m echanically sw itched capacitor  
to  g iv e  the required  v a r ia tio n  in  capacitance.
More r e c e n t ly , Barber^has examined experim entally
the response o f v ariab le  parameter resonant c ir c u it s  
w ith  a s ig n a l o f constant frequency applied  to them.
The r a te  o f  reso n a n t freq u en cy  v a r ia t io n  was o f  th e
order o f  1 , 0 0 0  c / s / s ,  which i s  very slow, as can be
seen by comparison with the f ig u r e s  given in  I.
1.2  _____
s.
Thus i t  appeared th a t  no attem pt had been made to  
in v e s tig a te  experim entally  the frequency v a r ia tio n  re su ltin g  from 
a very  f a s t  r a te  of change of param eter. This th e s is  embodies 
the r e s u l t s  of an experim ental in v e s tig a tio n  in to  the behaviour 
o f the  frequency of a s e lf - s u s ta in in g  o s c il la to ry  system 
modulated in  frequency by a waveform which i s  approximately 
a s te p  fu n c tio n  of tim e. The fundamental meaning of the term 
•frequency* was examined and a new method of instantaneous 
frequency measurement was developed.
1 02 General O utline of Method.
To c a rry  out th is  in v e s tig a tio n , an L -  0 o s c i l la to r  was 
chosen, s in ce  most of the re le v a n t published mathematical 
analyses had been on th is  type of c i r c u i t .  Secondly, an 
L -  C o s c i l l a to r  perm its of an e le c tro n ic  method of varying 
the param eters by means of a re a c to r  s ta g e . The re ac to r  stage i s  
eq u iv a len t to  a v a ria b le  reactance in  p a r a l le l  w ith  a v a riab le  
r e s is ta n c e ,  the v a r ia tio n  being co n tro lled  by a modulating 
s ig n a l a t  the in p u t term inals of the re a c to r  s ta g e . I f  the 
re a c to r  s tag e  i s  placed across the tuned c i r c u i t  o f an L -  C 
o s c i l l a to r ,  i t  v a rie s  no t only the frequency bu t a lso  the 
am plitude of the o s c i l la to r  o u tp u t. In  th is  in v e s tig a tio n , 
the  re a c to r  and o s c i l la to r  were considered as one in te g ra l  
u n i t ,  and the frequency t ra n s ie n t  measured was the re s u lta n t  
t r a n s ie n t  behaviour of th is  u n i t ,  since i t  i s  the o v era ll 
response th a t  i s  requ ired  in  p ra c tic e .
I t  was thought th a t  a modulating s ig n a l co n s is tin g  of a
U L S E
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s tep  fu n c tio n  pulse of vo ltage would rep re sen t the worst 
p o ssib le  modulating co n d itio n s, th a t  i s ,  the b e s t condition 
fo r  the  production of a frequency t r a n s ie n t .  Hence the 
modulating s ig n a l used consis ted  of a t r a in  of s im ila r  
re c tan g u la r pulses of known r is e - t im e . The block diagram
of the  b asic  scheme i s  shown in  F ig . 1*1*
Id e a l ly ,  each pulse should have an in f in i t e ly  sh o rt 
r is e - t im e , bu t th e re  are p ra c t ic a l  l im its  to  the speed of 
r i s e  of a p u lse . Since the cen tre  frequency of the L -  C 
o s c i l la to r  used in  the p r a c t ic a l  system was in  the region 
o f 500 K c/s, th is  frequency was chosen fo r  th is  in v e s tig a tio n  
and a r i s e  time of 0.2  p se c . was considered s a tis fa c to ry .  
Thus, the o s c i l la to r  frequency should change in  l / lO th  of a 
cycle o f the unmodulated frequency, and fo r a frequency 
change o f 5$ the r a te  of change of frequency i s  125 Kc/s 
per p se c . For a l l  p ra c t ic a l  purposes th is  frequency 
v a r ia t io n  may be considered as a very c lose approach to 
th a t  r e s u l t in g  from the id e a l  of a s tep  fu n c tio n  modulating 
v o lta g e . I t  i s  to  be noted th a t- a  r a te  of change of 
frequency of 125 K c/s/psec . i s  fan in  excess of th a t  met 
w ith in  commercial F.M. system s. By law, in  the U.S.A. the 
maximum frequency d ev ia tio n  i s  -  75 Kc/s about a c a r r ie r  
frequency of 40 Mc/s or over. Thus, the t o t a l  frequency 
swing i s  150 Kc/s and corresponds to  the ‘lo u d e s t1 note 
tra n sm itte d . I t  i s  c e r ta in  th a t  the maximum audio 
frequency in  the modulating s ig n a l w ill  never exceed 20 Kc/s.
7This [rives a maximum ra te  of change of frequency of 150 K c/s, 
in  50 jiseco or 3 Kc/s per psec*
Various means of measuring a frequency th a t  varied  with 
time were considered and from the r e s u l ts  of th is  
in v e s tig a tio n  a novel method of frequency measurement was 
deriv ed . The main in v e s tig a tio n  was c a rrie d  out by th is  
means.
Of the devices fo r measuring frequency in  the range of 
frequency between 100 Kc/s and 1 M e/s., b ridge c i r c u i ts ,  
b ea t frequency os c ilia , to r s ,  L issa jou  f ig u re s , e t c . ,  are a l l  
well-known methods* Some can be used to measure a slowly 
varying frequency, bu t th e re  appeal’s to be nothing knovzn 
on the t r a n s ie n t  response of these methods to  a f a s t  
frequency v a r ia t io n , and some, such as the L issa jou  fig u re  
and beat-frequency  methods are  obviously unsu ited  fo r  
measuring such a v a r ia t io n . A very few are  d e lib e ra te ly  
designed to  measure a f a s t  frequency change, such as the 
F o ste r-S ee ley  Phase D iscrim inato r and R atio  D etector bu t 
the  upper l im i t  to  the r a te  o f frequency v a r ia tio n  i s  
r e s t r i c t e d .
Requirements o f Measuring Equipment®
Frequency measuring equipment may be d ivided in to  two 
broad ca teg o rie s  -
(a) Equipment which gives a voltage output p roportional 
to  the  frequency of the in p u t s ig n a l.
(b) O scilloscope techn iques.
D ealing f i r s t  w ith  category (a) equipment and in  terms 
of an extrem ely f a s t  and e r r a t i c  frequency f lu c tu a tio n , there 
are two fundamental requirem ents*
F i r s t l y ,  the output voltage of the c i r c u i t  must follow
f a i th f u l ly  the  frequency v a r ia tio n s  of the in p u t signal* the
8 .
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frequency /vo ltage  tra n s fe r  f a c t i o n  should no t contain any 
exponentia l or c iso id a l term which i s  not a function of the 
in p u t frequency on ly . Secondly, va lu a tio n  in  the amplitude 
o f the in p u t s ig n a l must no t produce v a r ia tio n  of the output 
v o lta g e . The s e n s i t iv i ty  S v / S f -  should be as high as 
p o ss ib le , fo r  the sake of accuracy, and there  must be no 
am biguity w ith  re sp e c t to  in c reasin g  and decreasing 
fre q u en c ie s . The mechanical i n e r t i a  of an in d ic a tin g  meter 
i s  too g re a t fo r use in  measuring the output from th is  type 
o f equipment.
For category  (b) techn iques, the fundamental requirements 
a re  ra th e r  d i f f e r e n t ,  and each technique tends to have d if fe re n t 
conditions imposed upon i t .  In  general, a l l  methods are 
com parative, and the one e s s e n t ia l  requirem ent i s  th a t  the 
standard  s ig n a l must have no d e le te rio u s  e f fe c t  whatever on 
the waveform under in sp ec tio n  -  in  p a r t ic u la r ,  the standard 
s ig n a l must no t ’pull* the frequency of the t e s t  s ig n a l.
N early a l l  o sc illo g rap h  techniques measure the time per cycle , 
r a th e r  than the cycles per u n it  tim e, and no very sm all 
percentage d iffe ren ces  in  lengths of time are  re a d ily  d isce rn ib le  
and m ensurable.
U nsuitable Methods.
The follow ing methods of frequency measurement were 
d iscarded  as u nsu itab le  fo r  the reasons s ta te d .
(a) A ll methods in  which a standard s ig n a l generator i s  
requ ired  to  •follow* the  varying frequency to  be measured.
For example, the Beat Frequency p rin c ip le  could not be used
H.T.+
>i 5R r c or
>r
v
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'bo fo llow  the  d e v ia tio n  o f a frequency modulated s ig n a l ,  due
p h y sica l im p o ss ib ility  of follow ing the frequency dev ia tion  
qu ickly  enough0
ex ac tly  the same reasons#
(b) Any method dependent upon the v a ria b le  impedance 
o f a resonan t R, L, G, c i r c u i t  was deemed u n su itab le  fo r the 
purpose o f measuring a vary ing  frequency# Consider a 
p a r a l le l  R, L, C, c i r c u i t  connected in  the anode c i r c u i t  
of a pentode, and l e t  a s tep  function  pulse o f form 
E s in  (cot + e)U (t) a r r iv e  a t  the g rid  of the pentode a t  time 
t  = 0 , as shorn in  Fig# 2. 1 0
The so lu tio n  fo r  the r e s u l ta n t  anode voltage i s  shown in  
Appendix 1 . Consider only the tra n s ie n t  p a r t  of the 
so lu tio n  obtained th e re , i . e .
Prom th is  i t  i s  obvious th a t  the magnitude and phasing of the 
t r a n s ie n t  w ith  re sp e c t to  the applied  s ig n a l depends on the 
i n i t i a l  phase an g le . In  the above work, L?0 i s  now 
taken as the  frequency fo r  maximum impedance fo r  s im p lic ity  
and co n sid e ra tio n  of two special cases which are  of p a r tic u la r  
i n t e r e s t  here shows the e f fe c ts  of the t ra n s ie n t term . Let
no t only to the number of side bands produced bu t a lso  to  the
Any form of L issa jou  f ig u re  could no t be employed, fo r
-----------Sm  S .s tn  uj0t .  — T / Z I &
V 0 C
+ ~ s in  u?0t .c o s  (O  + (p) t . s m  ( 6 +  <P,
/I.
th e  s ig n a l freq u en cy  u> be removed from u?0 
in  each c a s e ,  and f i r s t l y  l e t  6  be z e r o , and 
se c o n d ly  l e t  0  be 7T/2 • For the f i r s t  caBe
6  -  o  9 c f  ^  ±  tt/%   ^ a n o c
'Vt  ^  I f z l  t o *  ^ o t  ±  z,0 s , n u J » k \
75 4 * / ,  hence the second term in  the brackets***o /
may be ignored with re sp ec t to  the f i r s t ,  at l e a s t ,  
as a f i r s t  approximation. Thus, for v ( t )
V ( t )  & t  I  IZ.I [ c * s  to t  — e
Now consider the re su lt  obtained with 0  s Jf* ( ( f  & * g ). 
For th is  case  
V t  ^ X l z i . d ^ s m O . c o s ^ t  -  i 0j
e in c e , ignoring * ,  2  = ^ 0 ^  ’ , Z f  '  Z Z ^ Z T  '
v ( t )  *  t r i z i ^ s t n  t o t  — e ~ * & sf*?<o0 t j
Therefore from th ese  two equations, i t  i s  seen that 
in  the f i r s t  case the magnitude of the tra n sien t term 
i s  equal to the steady s ta te  am plitude, whereas in  the  
second the magnitude of the tra n sien t depends on the 
r a t io  v 0/u ) .  Thus the tra n sien t term i s  very 
dependent on the in it ia l phase angle and the r a t io  
This r e s u lt  shows the e f f e c t  o f  a suddenly applied  
c is o id a l waveform on a tuned c ir c u it  which was i n i t i a l l y
/ £ .
^ .u ie s c a u o . j.j. one e i r c u i  u v7a.s a l r e u a y  o se  i l l _ ,  oin&
>3 *y , ao i o s  ii;... o u r --.1 1 r e i .u e n c j  , when a s i g n a l  o r
f re q u e n c y  i s  im p re s s e a  upon  i o ,  tn e  r e s u l t u n o
t r a h s i e n  0 v /ouid a g a in  d e p en d  upon th e  i x i i t i a l  pixa.se
a n g le  (p , and  a l s o  upon  tn e  c h a rg e  and c u r r e n t
. a s a o c i a t e u  w i th  0 a n a  n  r e s p e c t i v e l y  a t  t n e  i n s t a n t
20,ei.
o f  a p p l i c a t i o n  o f  LO
f o r  t n e s e  r e a s o n s ,  su c ii a c i r c u i t ,  o r  any 
e q u ip m e n t c o n t a i n i n g  su c h  a c i r c u i t ,  was th o u g h t  
t o  oe u n s u i t a b l e  f o r  tn e  m easu rem en t o f  a  v a r y in g  
f r e q u e n c y .
2 0  f r i d g e  m e th o d s .
f n e r e  e x i s t s  an  a lm o s t  l i m i t l e s s  num ber o r
b r id g e  c i r c u i t s  w n icn  c o u ld  b e  u s e d  f o r  f re q u e n c y
d e t e r m in a t i o n .  in  tn e  ra n g e  o f  f r e q u e n c i e s  co m b in e r
22ed  n e r e ,  tn e  Wien f r i d g e  i s  one c i r c u i t  v /n icn  nuo 
r e c e i v e d  c o n s id e r a b l e  a t t e n t i o n ,  m a in ly  b e c a u s e  no 
arm  c o n t a i n s  in d u c ta n c e  and  i t s  r e s p o n s e  c u rv e  i s  
s i m i l a r  t o  t h a t  o f  a p a r a l l e l  r e s o n a n t  c i r c u i t ,  
f o r  t n e s e  r e a s o n s  t n i s  c i r c u i t  was c o n s i a e r e a  a 
p o s s i b l e  m eans o f  m e a s u r in g  a f re q u e n c y  v a r i a t i o n ,  
p r o v id e u  tn e  a m p li tu d e  v a r ia t io x x  a s s o c i a t e u  wit*x 
tn e  f r e q u e n c y  v a r ia tiO x *  i s  s m a l l ,  sixxce a l l  ^ r id g e  
c i r c u i t s  g iv e  an o u tp u t  p ro r> o r t io n a l  t o  t n e  in p u t  
a m p l i tu d e .  mut t n i s  ty p e  of. p r id g e  c i r c u i t  aao
'3 .
the undesirable fea tu re  of requ iring e ith er  a tran s­
former coupled input c i r c u i t ,  or some form of balanced  
puBh-pull output. Further, the s e le c t iv i t y  of the 
bridge i s  rather poor. However, the Wien Bridge i s  
eq u iv a len t, e l e c t r i c a l ly ,  to  a P a ra lle l-T  Network, 
but the la t t e r  has the advantage of having one sifle  
o f both i t s  input and output common; th is  i s  an 
advantage i f  an am plifier i s  to be used. Therefore,
the P a r a lle l-T  network was preferred .
2 . if The P a ra lle l-T  Net and Feed-Back A m plifier.
(a) P a ra lle l-T  F i l t e r .
A ty p ic a l P a ra lle l-T  f i l t e r  se c tio n  i s  shown in  F ig .2 .2  
This network appears to have been f i r s t  suggested  by
23
H.H. S co tt as a frequency s e le c t iv e  c i r c u i t ,  and i s
important because i t s  common input and output point
f a c i l i t a t e s  i t s  in c lu s io n  as a feed-back loop in
frequency s e n s it iv e  a m p lifie r s . The mathematical
a n a ly s is  o f th is  f i l t e r  sec tio n  i s  amply described
2k-27
in  the l i t e r a tu r e ,  and a summary o f the r e s u lts  o f  
such an a n a ly s is  i s  included here for reference in  the 
subsequent design  o f a frequency s e n s it iv e  am p lifier . 
Bach T -section  i s  transformed to an equivalent TT- 
se c t io n  and p u ttin g  the two derived  7T- se c t io n s  in  
p a r a lle l  y ie ld s ,  with referen ce to  F ig . 2 . 2 .
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Z c o m p r is e d  o f  a p a r a l l e l  c o m b in a t io n  o f  r e s i s t a n c e  
^ a£ )an d  c a p a c i t a n c e  ( C / cl)  , w n ere  Cl > Oj 
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a ,  s i n c e  i n v e r s i o n  01 ix d o es  n o t  a f f e c t  t S (.to) j  )  
f o r  sym m etry  a m ust u e  co m p lex , and  of t h e  fo rm  g iv e n  
a u o v e . xhe e f f e c t  o f  lo a d in g  tihe f i l t e r  s e c t i o n  
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fe e u -L a c K  lo o p  ixx a  v a lv e  a m p l i f i e r .
skeletOxx c i r c u i t  o f  s u c ^  an a r ra n g e m e n t i s  
Shown iix f i g .  Si . 3  . . _t tne b a la n c e  frequency
t n e  o u tp u t  i s  maximum, s i n c e  t h e  f e e d -b a c K  i s  zex o .
iiife g e n e r a l  c o n s x d e x a t to n s  or u e s ig n  a r e
( u j  ‘iixe feed-back fro m  o u tp u t  to  in p u t  te rm rn u x s  
o f uAJe a m p in  r e r  m u st uxway s  be i n  one c o r r e c t  p n a .se ,
f  O f  J l x  u i i 6  I  0 6  U “  s  a  C i v  a  e G O  * ix s  S  p O b i  o  x V  e ,  X a x S  u  a  s  X X  x
w i l l  o c c u r .
^b> fixe l o a d  im p eu an ce  a c r o s s  tn e  t e r m i n a l s  sn .no 
b r i s g e  m u st b e  a s  n ig u  a s  p o s s i b l e ,  a s  i t  a r a e u t o  
t h e  s e l e c t f v r t y  Dotx xU smplf t  m e  a h a  p n a s e ,  wr wii «i..e
p o s s i b i l i t y  Ox i n s t a s x l r t y  • m e  p r e f e r e n c e  t x x i  s e
f o r  f e e d - b a c k  t o  ti-e  g r  r u —c i r c u i t  o f  a  v a n e ,  * a tu x i  
tixaii to  u .x  c a t i_ c m .
^ c ; f l i e  in p u t  im pecionce 01 one 0 1 ^ 5 6  m us* f a . e
i.e b i i 6 iM ie  s i - a * * 611 U o  f _,fOxx uxxe ax x o a  l o a n ,  ....a
X- ijj  • * 3 , IlLcxS u ~ u u - e - OO i.ijji. , O-hf
... _ -i. L*- — Vhfj-Lidiw-h^'C/ ^  jL C^ xxa U ix  ^m —* Ox.-L-* O O o *  ^  ^  ^ “ s  x.d o a  ^- O
x- v lx  x ix x . .  . u_L - Cl.-—l .. xO-1  ^t  j xs y dx.. x. xO U l o •
u b u , a- xuxqO v a l u e s  ox ^ 0  uixO a. tl Cj_ Lt In 6u id d O
H.T. +
c/a.
AA
R/Z
Fi«. 2 . 3 .
G mo.
i-,
F/ <5. 2 . 4
/ 6 .
■ ^ u . j J & y s X  u oLi o 0 V/O u i  u  vy >_✓ 0 xuo uA u i oiiifci_LJL.
V '■'“ J  i  J-J-'w* *-* O •—i- L> O J-—.jJ ^  x*. cX-x w 0  Ua. ■-■ xxL/ vj Li i  ^ i^ C l J-
m u s t  b e  n e g l i g i b l e  c o m p a r e d  u o  o n e  b r i d g e  l o a d  
c o m p r i b e d  o l  (&R) i n  p a r a l l e l  w i t h  S /a .
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where GO**) -  gain from input to output 
term inals
n  a a v a ila b le  grid  to anode gain
z. — ------—
At the b a la n ce , or n u ll  , frequency, u>0 o f the 
P a r a lle l-T  s e c t io n , the o v era ll gain  reduces to ,
G ,L ^ j  = -------------- ,
s in ce  K * 1*
This i s  the maximum gain  a tta in a b le , and shows the 
c o n f l ic t in g  lim ita tio n s  p laced  on the parameter (a ) .
For the f i l t e r  se c t io n  alone (a) must be la rg e  to  
prevent the load reducing the s e le c t iv i t y ;  for the 
feed-back am p lifier  (a) must not be too large or the 
a tta in a b le  ga in  i s  reduced^hence reducing s e l e c t iv i t y .  
Therefore, the p r a c t ic a l range o f  { a ) is  u su a lly  between 
3 and 1 0 .
Using th ese  r e s u lt s  a feed-back am p lifier  was 
d esign ed . Since a v a r ia tio n  in  frequency i s  to be 
measured, the balance frequency must be kept above 
or below the maximum or minimum frequency to be 
measured, r e s p e c t iv e ly , to avoid ambiguity of r e s u lt .  
Thus,
where f  i s  the unmodulated frequency.
w
lt.-7K.n-. It-’lKtl.
f , q .  a .  5 .
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For Kc/s and S f  a d d itiv e  o n ly , a balance
frequency, f Q, o f JO0 Kc/b was chosen* To keep R 
( in  the bridge) as high as p o ss ib le , C was chosen as 
51 pP, a standard value of a range of lo w -lo ss  
ceramic capacitors* Thus,
U K nl .
The n earest standard r e s is to r  was if*7  K.Ohms,
4-* 7
, , the minimum f i l t e r  input impedance * ~ 3-3/Ca..
This low value required a cathode fo llow er between the  
am p lifier  and the b r id g e , to  prevent reduction  of
am p lifier  gain  by the low bridge impedance at K a  1
shunting the anode load*
The f i l t e r  alone i s  shown in  Pig*2* 5 , where the 
v a r ia b le  elem ents in  the earthed lim bs were used to 
a lig n  the balance frequency on f 0 a 7  &C> K c/<,.
This was required because of the usual to lera n ces on 
components*
An EP*50 pentode was used as the am plifying v a lv e , 
with a l i s t e d  R ^  > J W s*  and a measured of
6 * 6  /»•* A f  V •
Thus, for an anode load of 5 K*Ohms,
n  v ^  &  = 3 3 .
The parameter (a) must be chosen large enough to make 
the bridge load  much grea ter  than the output impedance 
o f the s ig n a l source 
Por a s  6 , the bridge load i s ,
c.f.iLaLjfcs.iri/£
y  -  K%.F r e q w e h c
/?.
cl k  * S k - z .  y ~  -  8  p  F ,
the capacitance being sx^plied  by in te r  e lectrod e and 
stra y  ca p a c itie s*
--
A cathode fo llo w er  p laced  between the anode of the  
am plifier and the bridge does not decrease G l“>) ;
i t  does decrease the sharpness of the s e le c t iv i t y  curve, 
s in ce  at a l l  other frequencies the vo ltage fed  back 
i s  decreased by the fr a c t io n a l gain  of the cathode 
fo llo w er , which, in  th is  c a se , was 0*88. The complete 
c ir c u it  i s  shown in  F ig *2.6 . Using a Marconi Standard 
Signal Generator g iv in g  a lv .  R*M*S* output, the 
curve o f Graph B  . I was recorded on a Cossor Model 
1035 O sc illo sco p e , with an external d*c* s h i f t  con tro l 
on the second beam to  measure amplitude of trace*
In the c a lc u la tio n  of the th e o r e t ic a l curve, the 
gain  of the feed-back am plifier G (*<*), was m odified  
by the in c lu s io n  of a cathode fo llow er o f gain  g 
g iv in g
, j U  ~ K %)  +  j  % _________________
^  * lU"ii*){2 + * 0 + 9 n ) j  +  J k (.a  * 0 ■
This i s  the general equation for a P a ra lle l-T  amplifiei;* 
An exam ination of Graph £  .1 shows that the  
p r a c t ic a l curve i s  asymmetric about a frequency o f  
710 K c /s . , although the bridge c ir c u it  i t s e l f  had been
se t  up to J00 K c/s. From the th e o re tic a l curve, the 
maximum s e le c t iv i t y  was found to be 17 Kc/s per v o lt  -  
s e le c t iv i t y  being defined  as the change in  frequency 
required  to produce a change of 1 v o lt at the output*
For the p r a c t ic a l c i r c u i t ,  for  freq u en cies below 
710 K c/s. the maximum s e le c t iv i t y  was found to  be 
18*5 Kc/s per v o l t ,  but for freq u en cies above J10 Kc/s 
the s e le c t iv i t y  rose to 13*3 K c/s per vo lt*  Thus, for  
K * 1 , the th e o r e t ic a l and p ra c tic a l curves agree f a ir ly  
w e ll ,  but for K r 1 the sharper decrease in  output 
v o lta g e  was a ttr ib u ted  to the f a l l - o f f  in  a v a ila b le  
gain  o f  the am p lifier  in  the feed-back c ir c u it  with  
in crea sin g  frequency, together w ith some asymmetry 
in  the bridge* At 850 K c/s, the p r a c t ic a l curve 
su ggests  th at the a v a ila b le  gain  has f a l le n  to  0 .8  
o f i t s  mid-band v a lu e , which g iv e s  a value o f  25 pF* 
for the shunting cap acitan ces, the anode load being  
5 K*0hms* A frequency response curve of the am plifier  
w ith  the f i l t e r  d isconnected  from the input grid  was 
taken to check t h i s ,  and showed that the actu a l gain  
was approximately 7*5# greater than was expected from 
graph 2 .1  a t 850 K c/s; th erefore  there was asymmetry 
introduced by the b rid ge, probably due to the bridge 1 
load  v a lu es being other than the aR and c /a  d esired .
From the point of view of measuring a frequency 
v a r ia tio n  with th is  c i r c u it ,  the above work gave the
fo llow in g  inform ation : -
(a) The accuracy of measurement would be low. A 
frequency v a r ia tio n  of 5 Kc/s would produce, at the 
b e s t ,  an output v a r ia tio n  of only 0 .3 v . peak/peak, 
in  the p r a c tic a l c i r c u i t .  This represents a t o ta l  
in crease in  d isp la y  magnitude o f 0.1  cm. on a Cossor 
10^5 o sc illo sc o p e  a fte r  am p lifica tion  in  an am plifier  
of 20db. ga in .
(b) The amplitude of the input s ig n a l i s  lim ite d ,  
sin ce  the am plifying va lve must not introduce non- 
l in e a r i t y .  For the v a lv e  used, the maximum grid  drive
for lin e a r  working i s  approximately l . l v .  R .M .S., 
and the ch o ice  of v a lv e  i s  governed by the requ ire­
ments of low output capacity  and high mutual conduc­
ta n ce , to  allow  of a f la t  frequency response curve 
over the range considered .
(c )  A v a r ia tio n  in  amplitude of input s ig n a l would 
have l i t t l e  e f f e c t  upon the accuracy of frequency  
measurement. At 660 K c/s. the gain  of the s e le c t iv e  
am p lifier  i s  3 an<i output vo ltage  8.5V; i f  the 
input s ig n a l now decreases to  0*9v . R.M.S. from l.O v. 
R.M.S. the output vo ltage becomes 7*^v. g iv in g  the 
apparent frequency of the input s ig n a l as 6i*.0 K c/s -  an 
error o f  - 395.
(d) The gain  of a s in g le -s ta g e  s e le c t iv e  am p lifier  i s  
reduced by the parameter (a ) . Greater s e le c t iv i t y  
could be obtained by a reduction o f  th is  parameter
2 2.
but the f i l t e r  load must not be a ffe c te d  by the 
output impedance of the sign a l source. A cathode 
fo llo w er  input to the bridge c ir c u it  would allow  (a) 
to be reduced con sid erab ly , but the bridge load must 
always be high enough to prevent in s t a b i l i t y .
Any odd number of s ta g es  may be used between 
input and output for greater s e l e c t iv i t y ,  but the  
s t a b i l i t y  o f  such an arrangement i s  poor, s in c e  there  
i s  a c lo sed  loop between input and output term inals  
which p asses high and low freq u en cies f r e e ly .
A th ird  method of in creasin g  s e le c t iv i t y  i s  to  
use two op more freq u en cy -se le c tiv e  am plifiers in  
s e r ie s ,  each of moderate ga in . This requ ires each 
component am p lifier  to  be accurately  a lign ed  on the 
balance frequency, otherw ise humping of the response  
curve appears, and the arrangement has a d e f in ite  
bandwidth.
I t  was considered  that th is  c ir c u it  be used to 
measure a frequency v a r ia t io n , but the in h eren tly  low 
output s e n s i t iv i t y  was a major disadvantage. The 
in trod u ction  of a m p lifiers to counteract th is  produces 
y et another p o te n tia l source of spurious tra n sien t  
v o lta g e s , which must be avoided.
An attempt to measure the response of th is  c ir c u it  
to a rap id ly  changing frequency w il l  be described  
la t e r .
H.T 
p —
F o ster-S ee ley  Phase D iscrim inator.
This type o f frequency, or phase, measuring
o z8equipment was introduced by Foster & »eeley  in  1957
as a m odification  to  the o r ig in a l d iscrim inator o f  
Z QT rav is.
The c ir c u it  is  shown in  F ig . 2 .7
3oSince th is  c ir c u it  i s  well-known and normally 
used in  F.M. systems as a demodulator in  the 
r e c e iv e r , and as the frequency measuring dev ice  in  
automatic frequency co n tro l c ir c u it s  in  the 
transmitter^, i t  was thought to  be a p o ss ib le  means 
o f  measuring a rapid  frequency change. From the  
la t t e r  point of v iew , however, the c ir c u it  has two 
di sadvantage 8.
F ir s t ly ,  the c ir c u it  i s  phase s e n s i t iv e .  The 
frequency, or phase, d iscr im in atin g  elem ents are 
the primary and secondary tuned c ir c u i t s ,  each 
resonating  at the same frequency f Q. I t  was seen  
in  se c t io n  2.2 (b) that a tra n sien t term e x is te d  when 
a p u lse  con ta in ing  R.F. was applied  to  such a 
resonant c i r c u i t ,  the tra n sien t term depending upon 
the time con stants o f  the c ir c u i t s ,  the i n i t i a l  
phase a n g le , and the r a t io  of the frequency of the 
im pressed s ig n a l to the resonant frequency of the 
tuned c ir c u it .  Thus, i f  the input s ig n a l to the
+ 2 0 0 *
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discrim inator wassuddenly changed from the resonant 
frequency, say , to  some new v a lu e , the output 
v o lta g e  of the d iscrim inator would contain a term 
due to  the tra n sien t modulation. This spurious 
output would make im possib le the measurement of a 
f lu c tu a tin g  input frequency.
The second disadvantage i s  concerned with the 
diode lo a d s, G -  R, in  P ig . 2*7* Under normal 
op eration , th ese  serve the tw o-fold  purpose o f actin g  
as re se r v o ir s  at the audio-frequency with which the  
ca rr ier  i s  modulated, and s h o r t -c ir c u its  to the r . f .  
ca rr ier  frequency, thereby dynam ically coupling the 
cathodes of the two d iodes. Thus the output v o lta g e  
could not fo llo w  any abrupt change of frequency of 
th e  input s ig n a l,  sin ce  the cap acitors cannot charge 
or discharge in s ta n t ly ;  i f  the time constant of the 
R.C. network i s  sm all compared with the period  of one 
c y c le  o f the audio frequency, they w il l  d ischarge  
rap id ly  during the portion  o f  the cy c le  when th e ir  
re sp e c t iv e  d iodes are non-conducting, and the average 
output w i l l  be sm all. The R.F. Choke w il l  further  
prevent a rapid  change in  output, but th is  component 
may be rep laced  by a r e s is ta n c e , a t the co st  of 
reduction  of output v o lta g e .
However, an e x is t in g  d iscrim inator was m odified  
to  the c ir c u it  o f  F ig . 2 .8  and produced the s t a t i c
G k a p h  2 . 2
c h a r a c te r is t ic  o f Graph From th is  graph, i t
was evident that the d iscrim inator was an ex c e lle n t  
means o f measuring slow r a te s  o f change of frequency^ 
(normally about 5 Kc/s per sec . as pointed  out in  
chapter 1. 3 ) s in ce  i t  gave a f a ir ly  large output 
v o lta g e , whose l in e a r ity  with frequency did not 
depend on va lve  l in e a r i t y ,  and produced a much more 
lin e a r  c h a r a c te r is t ic  over the working portion  than 
the P a ra lle l-T  A m plifier. S e n s it iv ity  to amplitude 
modulation in  the input was reduced by in je c t in g  
the input s ig n a l through a l im ite r  pentode*
An attempt was made to measure the response o f  
the d iscrim inator to a rap id ly  changing frequency, 
as w i l l  be d escrib ed  la ter*
The Ratio Detector*
This c ir c u it  was g iven  a tten tio n  here sin ce  the 
output i s  in s e n s it iv e  to amplitude v a r ia tio n s  in  the  
input s ig n a l and the o v era ll s e n s i t iv i t y  i s  h igher  
than that of a F o ster-S eeley  D iscrim inator, although  
otherw ise i t  s t i l l  contains a l l  the d isadvantages  
o f  the F o ster-S ee ley  Discrim inator*
The R atio D etector is  also due to  S e e le y , and i s  
shown in  s im p lif ie d  form in  F ig . 2*9* The action
of th is  dev ice  i s  the same as that of the d iscrim ina­
tor up to  the diodes but here the diodes are in
31,32-
s e r ie s  a id in g . I t  can be shom that the output

v o lta g e  i s  a fun ction  o f the frequency d ev ia tion  
from the resonant frequency, and i s  independent o f  
the amplitude modulation components at the input*
For th is  reason, the pentode feed ing the primary o f  
the d etector  may be used under normal operating  
c o n d itio n s , so th a t , although the r a t io  d etector i s  
i t s e l f  le s s  s e n s it iv e  than the d iscrim inator c ir c u it ,  
the o v era ll s e n s i t iv i ty  of the detector i s  much 
greater than that of the discrim inator*
A p r a c t ic a l c ir c u it  i s  shown in  F ig *2. 10. From 
the l i t e r a tu r e  on the r a t io  d etector  i t  was found 
th a t for th is  typ e of c ir c u it  the alignment and 
balancing problems were much more acute than in  the  
d iscrim inator ca se , and so , for these and previous 
reason s, no experim ental work was done on the r a t io  
d etecto r .
2*7 Arrangement far t e s t in g .
For the sake of ch ron olog ica l order and c la r it y  
in  the fo llow in g  s e c t io n s , a d escr ip tio n  o f  an attempt 
to  t e s t  the response of the above methods to  a f a s t  
v a r ia tio n  in  frequency i s  included here*
The p r in c ip le  of the t e s t  procedure was to use 
two o s c i l la t o r s  running at freq u en cies separated from 
each other by a d esired  amount, with an e le c tr o n ic  
sw itch  which p e r io d ic a lly  sw itched the input terminal
✓ V.
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of the c ir c u it  under t e s t  from one o s c i l la to r  to  the  
oth er. The block diagram i s  shown in  f i g . 2.1 1 . 
Provided the sw itch  could be ’thrown* in  a time 
comparable to the r is e - t im e  o f 0©2/*sec. quoted in  
chapter 1 .2 . ,  i t  was considered th at th is  form of 
t e s t  would g iv e  a fa ir  in d ica tio n  of the response 
o f  the c ir c u it s  under t e s t  i f  they were used as the  
frequency measuring d ev ices in  the main in v e s t ig a ­
t io n .
The design  con sid erations of a s u ita b le  sw itch  
can be summarised as : -
(a) A change-over time o f approximately 0 .2/^sec.
(b) Equal amplitude of output from the sw itch when
c lo sed  on e ith er  o s c i l la t o r .
(c ) No over-shoot at e ith e r  beginning or end of the  
change-over p eriod .
(d) Both outputs to have the same d .c . l e v e l ,  i . e .
the p u lses  used for sw itching must not appear
in  the output waveform from the sw itch .
(e) The sw itch must produce minimum d is to r t io n  on
the two o s c i l la t o r  waveforms.
Such a sw itch ing c ir c u it  i s  shown in  P ig .2 .1 2 .
In th is  type of sw itch , the two o s c i l la t o r  s ig n a ls  
are applied  to the con tro l g r id s  o f  two pentodes with  
a common anode load . The suppressor grid  of each 
v a lv e  i s  so b ia ssed  that one valve i s  normally
I k
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conducting, the other normally c u t - o f f • On
a p p lica tio n  of a p o s it iv e  sw itch ing p u lse to  VI and 
a n eg a tiv e  p u lse  to V2 , a rapid sw itching action  
can be obtainedo
In th is  form of sw itch , however, the con trol 
p u lses  must be fa ir ly  large in  amplitude, about 
60v. to  lOOv. being required in  the case of an EF.JO 
w ith a suppressor grid  base of -6ov . Further, the  
two con tro l p u lses  must be in  accurate antiphase; 
the slope at any point on the r i s e  o f  the p u lses  
must be id e n t ic a l ,  and the magnitude of the p u lses  
equal, i f  overshoot i s  to  be avoided, for one va lve  
should  be cut o f f  at the same ra te  as the other i s  
turned on. This method of sw itching tends to  g iv e  
d if fe r e n t ia te d  p u lse edges in  the output a t change­
over, due to  the feed-through of the large  am plitude, 
f a s t  r is in g ,  con tro l p u lse edges v ia  the 
suppressor/anode cap acitan ce . F in a lly , s in ce  the 
co n tro l p u lse  amplitude i s  la r g e , for a given  change­
over tim e, the requirem ents of the p u lse  generators  
are more s tr in g en t in  terms of output v o lt s  per 
microsecond at the leading and t r a i l in g  edges.
I t  was considered  that a much b e tte r  sw itch  could  
be obtained i f  the con trol gr id  c h a r a c te r is t ic s  o f  
a short gr id -b ase  pentode could be used for both 
sw itch ing and s ig n a l channels. S ince g r id  mixing 
i s  bad p ra c tic e  in  p u lse  techn iques, the cathode i s
HX+
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the only other a v a ila b le  in je c t io n  point for the  
con tro l p u lse s . Due to m agnetising inductance, 
transform ers are not s u ita b le  for the in je c t io n  o f  
f a s t  edged, f l a t  topped p u lse s , and so re s is ta n c e  
in je c t io n  to the cathode was used. The re s is ta n ce  
in  the cathode c ir c u it  of the sw itch  va lves must be 
in  fche order of a few hundred ohms, so th a t the 
generator supplying the p u lses  must e ith er  have an 
extrem ely low output impedance ( le s s  than 100 ohms) 
or some form o f b u ffer  must be used. Such a b uffer  
was supp lied  by taking each con tro l p u lse  to the 
grid  of a tr io d e  whose cathode was commoned with th a t  
o f one of the sw itching valves®
This c ir c u it  i s  shown in  F ig .2. 13« The diodes  
act as d .c . r e s to rer s  on the g r id s  o f V3 and 
r e s p e c t iv e ly . The output o f  th is  sw itch was taken to  
a straightforw ard  a m p lifie r , and the r e su ltin g  signs! 
ap p lied  through an attenuator to  the c ir c u it  under 
t e s t .  The sw itch  gave a leading edge change over o f
0 .5  ^ x s e c . and the s ig n a ls  applied  to the apparatus 
under t e s t  were constant in  am plitude, and devoid o f  
peaks. The t r a i l in g  edge change-over time was about 
1*5^ s e c .  due to the poor t r a i l in g  edge o f the contrd  
p u lses  9 and t h is  edge could  be e a s i ly  recognised  
and ignored®
The p u lse  generator supplying the control p u lses
V3
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was a standard Bawe Instruments model, supplying  
p o s it iv e  and n eg a tiv e  going p u lses  of variab le width  
and r e p e t it io n  frequency. The p . r . f .  used was 5 Kc/s 
the p u lses  being 1 0 0 /ts e e . wide, and approximately 
30v . to ifOv. in  am plitude, although only the 
o r ig in a l 10v. to  l^ v . of th is  amplitude was required. 
The two o s c i l la t o r s  supplying the s ig n a ls  were 
se t  at f  Kc/s and f  K c/s, th ese  frequencies depending
1  2
on the frequency c h a r a c te r is t ic s  of the c ir c u it  
under t e s t ,  a Marconi Standard Signal Generator being  
used as the referen ce o s c i l la t o r  on account o f i t s  
frequency s t a b i l i t y  and vern ier tun ing. The 
frequency o f the second o s c i l la to r  was s e t  by 
comparison w ith the Marconi generator, using a 
L issa jou  d isp la y .
Buring the te s t in g  o f the sw itch c ir c u it  i t  was 
n o ticed  th at at the in sta n t of change-over, the  
trace  on the o sc illo sc o p e  screen seemed to * run*, as 
though there was interm odulation over the la s t  c y c le  
o f  the outgoing s ig n a l and f i r s t  two c y c le s  o f the  
incoming s ig n a l . Varying e ith e r  o s c i l la t o r  varied  
the p a ttern , but again only a ffe c te d  the l a s t  and f i r s t  
two c y c le s ;  the pattern  became s t a t i c  for  
ce r ta in  v a lu es of o s c i l la t o r  frequency. This la t te r  
e f f e c t  d isproved the h ypothesis o f in term odularon , as 
was v e r if ie d  by obtain ing the o r ig in a l e f f e c t  with
3/.
one o s c i l la t o r  sw itched off* This le d  to the 
fo llo w in g  explanation*
As s ta te d  above the p u lse  width was lOO^sec* 
so that each va lve conducted for th is  p eriod , 
or a l i t t l e  l e s s  i f  change-over time is  taken in to  
account* I f  3*^  /* secs . i s  the period of one cy c le  
o f frequency f^ , then
”^ lM = no* o f c y c le s  of f n in  one sw itch p eriod , 
Tx ±
*  / /=. sUf + q p e n e r A / j  w k e r t  n ,   ^ oc, 3j
i*t e  , ot * ol 3 y  oc.
Suppose f^ i s  appearing at the sw itch output, and 
fo r  s im p lic ity  assume that at the in sta n t that f^ 
appears at the output the sin e wave has value zero , 
but i s  in creasin g  p o s it iv e ly *  At the end of the 
Bwitch p e r io d ,s ig n a l f^ has c o m p le te d ^ / * cycles, 
provided 100 i s  not a m ultip le  of T^. During the  
time that f 2 i s  appearing at the output, f^ 
com pletes another ( + I  ) c y c le s , so th a t  a t
the next appearance of f^ a t the output th is  s ig n a l  
has com pleted,
( 2  ^1 +  ^  ^ 3  c y c / e s .
Thus, f^ now appears with a phase angle 
corresponding to  * su cc e ss iv e  appearances o f
f^ w i l l  th erefore be made at d iffe r in g  phase angles* 
A sim ila r  argument ap p lied  to the end o f the f 2
3r_J .
s ig n a l shows th a t at the in sta n t of disappearing f 2 
has a d iffe r e n t  phase angle for su cc ess iv e  periods*
On a r e p e t i t iv e  tim e-b ase , th is  w i l l  produce the
’running* e f fe c t  observed* I f  now f^ is  changed in
ocvalue to fj*  such that becomes u n ity , f^*
appears w ith zero phase angle alw ays, and on a 
r e p e t i t iv e  tim e-b ase , the pattern  w il l  appear 
s t a t i c ,  again as observed*
Since th is  e f f e c t  cannot be e lim inated  (lock ing  
the p *r.f*  to a count down from one o s c i l la t o r  
would not e lim in ate  the e f f e c t  for the other 
o s c i l la t o r )  and s in ce  the only so lu tio n  o f  s in g le -  
stroking the complete system i s  an unfair t e s t  due 
to  tim e-con stan ts e t c . , th is  method could not be used  
fo r  accurate determ ination o f the response of the 
c ir c u it s  described  in  preceding se c t io n s ;  although  
th is  sw itch  c ir c u it  was used to  t e s t  the P a ra lle l-T  
feedback am plifier and the Phase D iscrim in ator, the 
r e s u lt s  obtained could only be used as g u id es. 
Further, photography of the d isp lay  was im possib le, a 
b lu r  being in variab ly  recorded at the change over 
p eriod , s in ce  the pattern  could be made s t a t i c  by 
varying the o s c i l la t o r  frequencies but could not be 
m aintained in  th is  s ta te  due to  o v era ll d r i f t .  The 
type of r e s u lt  obtained for the P a ra lle l-T  
am p lifier  i s  shown in  Ch?aphS.3 as c lo s e ly  to  sc a le

as p o ss ib le , a s im ila r  graph being drawn for the 
discrim inator in  Graph 2 . 4- . A comparison of th ese  
two graphs shows that the P a ra lle l-T  am plifier gave 
a much b e tte r  response to a rapid change of frequency 
than did  the d iscrim inator* Thus i t  would appear 
th a t the d iscrim inator i s  the b e tte r  c ir c u it  for  
measuring a r e la t iv e ly  low rate of change o f frequency, 
whereas the P a ra lle l-T  system i s  very much b e tte r  
than the d iscrim inator at high ra tes  of change of 
frequency *
Although th is  sw itch method was of l i t t l e  value  
in  determ ining accu rate ly  the frequency response o f  
the c ir c u it s  te s te d , i t  brought out most c le a r ly  
the need for accurate synchron isation  of the system  
proposed in  1*2 and shown in  F ig . 1*1. The
synchron isation  would have to  be such that each 
p u lse  in  the p u lse tra in  from the p u lse  generator  
a r r iv e s  w ith  ex a ctly  the same tim e-phase in  the 
c y c le  of the t e s t  o s c i l la t o r .  The sim p lest method 
o f  ach iev ing  t h i s  i s  to generate a tra in  of master 
p u lses  which co n tro l the complete system . The 
master p u lse  would gate the o s c i l la t o r  * on* over the 
duration of the p u lse , and tr ig g e r  the p u lse  
generator at a predetermined but constant time a f te r  
the o s c i l la t o r  had commenced duty, due time being  
allow ed for the o s c i l la t o r  to become s ta b le .
34--
Such a pulsed  synchronous system was 
th erefo re  used from th is  tim e onwards, the design  
o f  the f in a l  system being d iscu ssed  in  chapter l*..
2.9  Radar Techniques as applied  to  Frequency
Modulation*
Since a l l  the techniques already considered  
r e l ie d  on the v o lta g e  response o f a c ir c u it  
proportional to the change in  frequency, a search  
was made to f in d  a more d irec t method of measuring 
frequency* In most radar systems one of the three  
fundamental measurements i s  that of slan t range,
i . e .  the s tra ig h t l in e  d ista n ce  between the 
tran sm itter  and the r e f le c t in g  o b je c t . To obtain  
the s la n t range, a l l  pulsed-type radar systems 
measure the time in te r v a l between a p u lse  of 
energy being transm itted  and the r e f le c te d  echo 
being; rece iv ed . A few of the methods used to  
measure the time in te r v a l were considered re levan t  
to  th is  work. In g en era l, an a u x ilia r y  waveform 
i s  generated by an accurately  ca lib ra ted  source, 
the period of th is  waveform being used in  some 
manner as a comparison w ith the time in te rv a l under 
measurement. Two such methods were considered , and 
th e ir  m erits found.
(a) C alibrating P u lses .
The a u x ilia r y  waveform in  th is  method takes the
form of a tr a in  of narrow p u lses  of v o lta g e , the 
root width o f  each pu lse being o f the order of a 
few microseconds* These could be used as time 
markers s in ce  the time in te rv a l between each pu lse  
i s  accurate ly  known* The u t i l i s a t io n  of th is  type  
o f c ir c u it  was obvious in  the f i e ld  o f frequency 
measurement, as was a lso  i t s  main disadvantage*
Since the c r e s ts  of a sin e  wave are very d i f f i c u l t  
to  lo c a te ,  the only fe a s ib le  p o in ts  at which the  
p e r io d ic ity  may be checked are at the in te r se c t io n  
o f the sine wave under t e s t  and the base l in e .  To 
do t h is  accurately  req u ires a v a r ia b le  p h a se -sh ift  
co n tro l in  the a u x ilia r y  c ir c u it s  producing the 
p u ls e s , and the exact co incidence of the p u lses w ith  
the base l in e  in te r se c t io n  i s  u su a lly  d i f f i c u l t  to  
see on an o sc illo sc o p e  screen,due to the r e la t iv e  
width of the t ip s  of the p u lse s . A lso , p u lses  tend 
to d is to r t  the t e s t  s ig n a l due to cap acity  coupling  
between the two beams of the o s c illo s c o p e .
(b )  Beam Modulation, C alib ration  Dots*
The c a lib r a tio n  p u lses  o f the previous method are 
in je c ted  to  the grid  o f the o sc illo sc o p e  in  th is  
c a se , the p u lse s  having such a p o la r ity  th at the  
e lec tro n  beam o f the o sc illo sc o p e  i s  cut o f f  for the  
duration of each pulse* When the frequency of the 
beam suppression p u lse s  co in c id es w ith that of the
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s ig n a l under t e s t ,  the black sp o ts , or d o ts , form 
a stra ig h t l in e  h o r iz o n ta lly  across the screen.
For greater accuracy, the beam suppression  
p u lses  can be ap p lied , sa y , at tw ice the s ig n a l 
frequency, and now frequency would have to be 
d efined  as t f i c e  the recip roca l of the time in terv a l  
between su ccess iv e  cro ssin g s by the t e s t  waveform 
o f any equi^area l in e  p a r a lle l to the X -ax is.
I f  the t e s t  s ig n a l i s  d is to r te d  from a s in u so id a l  
form, the frequency as found by th is  method for  
each h a lf -c y c le  w i l l  be d iffer e n t (by h a lf -c y c le ,  
h ere, i s  meant su ccess iv e  cro ssin g s of the a x is ,  
and not h a lf  the time required for a complete 
c y c le ) .  I f  the ca lib r a tin g  frequency i s  made 
many tim es the frequency of the t e s t  waveform, then 
an approach is  being made to instantaneous  
frequency, where the instantaneous frequency may 
vary w ith in  one cy c le  of the t e s t  s ig n a l.
To t e s t  th is  method, the equipment of F ig .2. 1if 
was developed. The whole equipment was p u lse  
c o n tr o lle d  by the master m ultiv ibrator ’A* in  
conformance w ith the fin d in g s o f 2 .8 ;  the 
s in u so id a l output of o s c i l la t o r  *0* was squared, 
d iffe r e n t ia te d  and shaped in  to produce narrow, 
n eg a tiv e  going, p u lses  which were applied  to the 
g r id  o f an o sc illo sco p e*  Since the o s c i l la to r
3 7
requ ires seme m icroseconds to b u ild  up to i t s  
s ta b le  amplitude, a delay c ir c u it  was interposed  
between the co n tro l u n it , A* and the tr ig g er  
c ir c u it  o f  the time-base*
The design o f the c ir c u it s ,  A, B, C, and the 
delay l in e  w i l l  be d iscu ssed  in  chapter if. The 
shaping a m p lifie r , D, comprised a conventional 
th r ee -s ta g e  am p lifier  with output to  input feed ­
back, over-driven  by the output of the o s c i l la to r  
*0*• The waveform a t the output of th is  squaring 
am p lifier  co n sis te d  o f r e la t iv e ly  square p u lses  at 
the frequency of o s c i l la t o r  ’C*. These p u lses  were 
d if fe r e n t ia te d , am plified  and shaped, g iv in g  an 
output of n egative-go in g  p u ls e s , 0 *2^ s e c .  broad 
at the b a se , and 120v. in  am plitude. Since th is  
waveform was applied  to the grid  o f an o sc illo sc o p e  
through a O.l^tlF* cap acitor  with a 1 M.Ohm leak  to  
ground, the b a se - lin e  of the sp ikes rose to  
approxim ately 50v. above ground (for a r e p e t it io n  
frequency of 1 M c/s). S ince the o sc illo sc o p e  used  
required - 6ov* for beam c u t -o f f  from f u l l  b r i l l ia n c e ,a t  
the b lack-out le v e l  o f - 6o v , the p u lse  width was 
approximately only 0 . 1^. sec.^ corresponding to  90v .  
below the b a se - lin e  o f the o r ig in a l p u lse  l^train*
The frequency of the t e s t  o s c i l la t o r  was f ix e d  at  
500  K c/s, and the frequency of the a u x ilia ry
o s c i l la to r  was v a r ia b le  around 1 Mc/s.
When used with the t e s t  o s c i l la to r  *B1, th is  
system produced the d esired  e f fe c t  when a large  
number o f c y c le s  of the t e s t  waveform were viewed 
on the Cossor O sc illo scop e  using a ^ O ^ s e c .  tim e- 
base. But when a few c y c le s  were examined c lo s e ly  
with a 15^ sec .  time base, the trace  on the screen  
o f  the o sc illo sc o p e  was found to f a l l  o f f  gradually  
from f u l l - b r i l l ia n c e  to a l l-b la c k , in stead  of g iv in g  
a d is t in c t  break in  the trace; the break in  the trace  
was found to  be 0 .6  cm. lon g , in stead  of being very  
narrow. The len gth  o f the b lack-out period on 
the 500 K c/s. s in u so id a l trace was the p rojection  
on to that trace o f the v/idth o f the suppression p u lse  
on a h orizon ta l a x is . In th is  s p e c if ic  ca se , the 
usable screen diameter was 10 cm; th erefo re , with  
the ljj^asec. tim e-base the scan speed was 0 .6 6  cm. 
p er /^ sec . For a p u lse  of O .lytfsec. duration (th e  
p u lse  width corresponding to b lack -ou t) the p u lse  
width would be 0 .0 6  cm. long on a horizonta l a x is .
For a peak-to-peak amplitude o f 7 CDU f ° r the 
500 Kc/s o s c i l la t io n ,  as the trace swung from one 
peak to  the n ex t, i t  covered a d istan ce  o f J cm. 
approxim ately, and did  so in  le s s  than l ^ s e c .
Suppose the beam a c tu a lly  covered J cm. in  l ^ s e c .  in
a lin e a r  manner, then , a suppressing pu lse 0 . 1 / t s e c .✓
lo n g , would g iv e  a b lacked-out d istan ce  o f 0*7  cm*
T e th  S  ( gnat.
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on the 500 Kc/s waveform, and the r i s e  and f a l l  
tim es of the suppressing p u lse  would be c le a r ly  
v is ib le *
The conclusions drawn from th is  were that the 
method was no mare accurate than the ca lib ra tin g  
p u lse  method, and that the d i f f i c u l t i e s  involved  in  
producing a p u lse  shorter than O .l / t s e c .  at a 
r e p e t it io n  frequency o f 1 Mc/s. or over, would 
introduce unwarranted com plexity in  the equipment*
This work was not com pletely v a lu e le s s ,  however, 
for during the experim entation another idea had 
been suggested . I f  the a u x ilia ry  o s c i l la to r  
output i s  squared in  the squaring a m p lifie r , and i f  
the amplitude of the squared output is  great enough 
to  sweep the e lec tro n  beam of the o sc illo sc o p e  over 
the f u l l  screen of the tuber then the s id e s  of each 
h a lf - c y c le  of the squared waveform woulAppear 
approxim ately v e r t ic a l  (Pig* 2*15) As b efo re , the  
time in te r v a l per h a lf -c y c le  o f the t e s t  s ig n a l could  
be measured. Carrying th is  p r in c ip le  one step  
forward, l e t  the a u x ilia r y  o s c i l la t o r  frequency 
be in creased  u n t i l  i t  i s  sev era l tim es that of the 
t e s t  s ig n a l. The s id e s  o f  the a u x ilia ry  p u lses  
would then break the t e s t  waveform in to  sev era l 
segm ents, a l l  th ese  segments being o f  equal and 
known tim e duration .
I f  th ese  segments could be used to measure 
frequency, then a very c lo se  approach i s  being made 
to  instantaneous frequency. Thus, the next 
chapter d ea ls with the usage o f one such 
segment in  the determ ination of the frequency  
a sso c ia ted  w ith that segment.
y
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CHAPTER
SEGMENTAL METHOD OF FREQUENCY ANALYSIS*
Prom the preceding work, i f  the term ’ instantaneous 
frequency’ as applied  to the measured quantity i s  to have 
any meaning at a l l ,  then the method o f measuring 
frequency must be such that a much sm aller portion  than 
h a lf  a cy c le  o f the waveform to be analysed i s  considered* 
In terms o f the angle swept out by the generating v ec to r , 
i t  i s  required  to consider a segment o f the waveform 
corresponding to some angular displacem ent le s s  than  
l 8o °. Fundamentally, instantaneous angular frequency  
i s  the angular v e lo c ity  o f the generating vector at 
any in sta n t of tim e; segmental frequency may be 
d efin ed  as the average angular v e lo c ity  of the vector  
over the segment.
Consider any segment St of a curve and assume that an 
ordinate at any in stan t t  is  given by
z A) s w  u/t  ( A  co n s ta n t  with in St).
where or i s  the average angular v e lo c it y ,  during the  
time St  o f the generating v ec to r  o f  length  A; assume 
th at both the time in te rv a l required by the vector to 
generate the segment, and the ord in ates of the segment, 
are known. Then, the segmental frequency u> may be 
found from any one of severa l s e ts  o f measurements
upon the segment as i s  demonstrated, assuming i s  
constant during S t  • a? i s  the value of angular frequency
a sso c ia te d  only with the g iven  segment*
5*1* Mid-Segment Divergence Method*
With referen ce  to  P ig . ) • !
2 * A s m  ta t .
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From the p o in t of view of accuracy, th is  i s  a very poor 
method, measuring, in  f a c t ,  the d iffe ren ce  between the curve 
and i t s  chord through y t and y 3.
Even i f  th is  method i s  stopped a t  equation 3 .1 , giving 
c o s  ^ S t  -  >
and ev a lu a tin g  cos <■o . S t  a very  sm all e r ro r  in  the measurement 
of Yp would produce a g rea te r  e r ro r  in  co.
3 ,2  Tangentia l Method.
Now re fe r r in g  to  T ig . 3*2 dea ling  in  terms of the 
tangen t to  the segment,
=  /9  s i n  unt ...........................  - .......................... ...................................................................
y  = /-?s //i to 61)
= f )  s i n  u) t  Cos co S t  ~h / ? c - o s  cO t  s  / n  co S t ...................- - - ....................3.7.
 ^ ^ t o  n  ~ u> S) c  o s  t o t ...........................................................- - -  - 3  .8.
Vt
= I r . i  . . . . . 3 .9
CO
H e n  c e }
' V  = y  C . O s  iO 6 t  -h t ° . f t  s / t l i o S &  - . . 3 - / 0
" I  CO ‘
- •  1 / ,  j j  ~  i  +  ~ ~  • 3  / / .
I 9nor-<nd t e r m  s  o f  S t  0 f  o r d i L ^
^2  ~~ 'Vt “* ?r 4- <££. Aan
. M O  = 2  -  ^  +  2 < r ^  ,
y, ~ y /  f
10 = ^  , e f t /. 7  / 7d t s j  y  ' l Q n ( p .  ra d . / se c .  _ . - . 3./3.
In  th is  expression fo r co, the angle fi  lias to be determ ined, 
as w ell as the o rd in a te s . The measurement of 0 i s ,  to 
any d e g re e  0f  accuracy, a d i f f i c u l t  ta sk , although the e f fe c t  
of any e r ro r  in  the value of tan  0 i s  made r e la t iv e ly  sm aller 
i f  S t / y ( i s  much le ss  than u n ity .
3 .3  Tangental Divergence Method.
In  order to: remove the n e ce ss ity  of measuring the slope
of the tan g en t, the o rd in a te  Y0 in  F ig , 3*2 may be measured.
3
Than, as b efo re ,
tan  (fic l .  i a  n  r  /
* y  = t f  C o  s  c o  o L i ~  ■—  -S' / n co, <3 C2 oi cO.
3
S t
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9- %  - V.
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' L x f t  -  % ( W g f J
-  %  + f )  ■
( < o h : /  =
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U> = S t  /  ”^ 3 7
S t  + V3 .
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This i s  a b e t te r  expression  fo r  w than those derived 
p rev io u sly , s ince the cube term i s  no t ignored* However, 
then general accuracy i s  n o t very good, being dependent on the
Ft 6 3.3.
sum and d iffe ren ce  of q u a n titie s  which may d i f f e r  by only 
a sm all amount, depending on the  p o s itio n  of the segment on 
the waveform*
4 E quivalen t Amplitude Method.
The generating  v ec to r , A, i s  now considered, as in  
Fig* 3*3* L et the v ecto r sweep through the angle 
(©2 -  6^) rads in  time cf t  , and l e t  the len g th  A be known. 
Than 7
^  = A s m  c o t  =- /? s ( n  &, . . . 3 . d ,
y^  -  / 9sm u> (t+St) s f l s / n  ~ ■ ' 3
, ' ( d ,  = s//  ^ . . . . . . . . .  3 . i q .
~  5 1 n  1 - - - - - • 3- Zo
Hence ?
up  S t  =• 6 a  -  0 ,  . - - - - - 3.2./
Here, 0^, 0^, a re  determined by measuring the o rd ina tes  
Yf, Y^, and the  peak value A. The l a t t e r  i s  assumed 
constan t over the period
5 C ritic ism  and Extension of Segmental A nalysis,
In  methods 3*1 to  3»3 above, the frequency o f an 
eq u lv a len t s in e  wave was found from any segment of the given 
waveform, w ithout any knowledge of the  peak v a lu e , A. To 
do so e n ta ile d  the determ ination  of a) l in e a r  d is ta n c e s , 
b) a time in t e r v a l }andv fo r method 3 *2;C) an a n g le0 None of
these methods can be acc u ra te , f o r ,  a p a r t from measurement
co n s id e ra tio n s , a ser-;« i .l e s expansion was used xor a
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trigonom etric  r a t io  in  a l l  of toera, and only the f i r s t  two 
or th ree  terms were taken fo r the sake of s im p lic ity  in  the 
f in a l  equations fo r the angular frequency. A lso, the drawing 
of an exact tangent to  a segment i s  very d i f f i c u l t .  Thus 
these th re e  methods were inc luded , no t as p ra c t ic a l  approaches 
to  the  problem, bu t merely to  show th a t  i f  the peak value, A, 
i s  e i th e r  unknown, or cannot be found, then the frequency 
can only be found in  an approximate manner.
This fin d in g  i s  im portan t. As has a lready  been s ta te d  
in  Chapter 1 .2 , to  ob ta in  the requ ired  frequency change fo r 
th is  in v e s tig a tio n  a re a c to r  s tage  i s  placed in  p a ra l le l  
w ith  an o s c il la to r*  the re a c to r  stage produces a change in  
am plitude, as w ell as in  frequency, of the o s c i l la to r  waveform. 
I f  Segmental methods are to  be used to determ ine the 
’in stan taneous ’ frequency of the o s c i l la to r  o u tpu t, then 
only an approximate r e s u l t  can be obtained, i f  the amplitude 
i s  unknown. F u rth e r, the  am plitude w ill  be some function  
o f tim e, vary ing  continuously  throughout the period during 
which the o sc illa .to r  i s  changing to i t s  new co n d itio n s. Thus, 
i t  appears th a t  the frequency can only be found approximately 
by these methods, since q u ite  ap a rt from the ob jections 
a lready  r a is e d , the amplitude was assumed constan t over the 
time S t  in  which the segment was generated, although i t s  
abso lu te  value was no t req u ired  to  be known0
Now consider method 3 .4 . Here the amplitude lias 
to  be known, bu t the accuracy of th is  method i s  b e t te r  than
F, *. 3 . 4
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in  any of the previous methods, fo r  no s e rie s  expansions
are re q u ired , no d ir e c t  angular measurements are  made,
and provided Y and A are no t a lik e  in  v a lu e , e r ro r  in
measuring Y and/or A has com paratively l i t t l e  e f fe c t  on
co. In  a d d itio n , i f  the vec to r leng th  A (F ig . 3 . 3)
changes during the time in te rv a l  S t ,  then the equation
fo r  co i s  s t i l l  tru e  i f  the re le v a n t values of A a t  Y^
and Y  ^ are  used in  c a lc u la tin g  0^ and 0^.
Thus,
Q = s i n ' 1 ( V , / * , )1 y)
Qz = s m " 1
and i f  to  i s  assumed constan t over the time S t  , then ,
S o  ~ S i  ,  f
(JO =. FZ----  r a  I s ^ c--
T herefore , in  any waveform in  which the frequency and
am plitude are  functions of tim e, i t  i s  considered possib le
to  d iv ide  the waveform in to  a la rg e  number of sm all
segments, each segment having a p a r tic u la r  frequency assigned
to  i t ,  as ca lcu la ted  by the above method. In  o ther words,
one such segment i s  a p o rtio n  of an eq u iva len t s ine  wave
of frequency co which e x is ts  over th a t  one segment only . The
segmental angular frequency i s  the average angular v e lo c ity ,
over any one segment, o f the v ec to r which generates the
a c tu a l frequency -  modulated wave. In  normal F.M* term s,
th is  v ec to r i s  the r e s u l ta n t  of the constan t amplitude c a r r ie r
frequency vec to r and the modulating s ig n a l v e c to r .
To u t i l i s e  method 3 .4  in  eva lua ting  the  segmental
frequency, the value of the amplitudes A^, A^, of F ig .3.4
9, i  | Vz
J
a). b ) .
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must bo a sc e rta in e d . Consider a wave-form as shorn in  
F ig . 3 • 5 (a ) . j the o idg ina l steady frequency f-] C/S being 
given by I^ Ti c /s and the new steady value of frequency fp  C/S 
being given by \jT2 cfs. During the time th a t  the frequency 
changes from f^  to  f ^ ,  the amplitude a lso  decreases to  i t s  
new v a lu e . Assuming some segment 3 o f known tim e-leng th  
has been is o la te d  as shown in  F ig . 3#5(h), on an expanded 
time s c a le , then the eq u iva len t am plitudes asso cia ted  
Td.th Y-^ , Ip,  may be found to  a good degree of accuracy by the 
fo llow ing method.
The tru e  leng th  of the generating  v ecto r can only be 
found a t  the  peaks of the waveform. I f  the successive 
p o s itiv e  and negative peaks such as A, B, C, D, are 
measured and th e i r  magnitudes \0  /, jS j} i c/^ / d/ a re  p lo tted  
on the c o rre c t time a b sc issa , an envelope shape of the form 
of F ig . 3 e6 ., i s  ob ta ined . The equ ivalen t amplitudes A^,
Ap, a sso c ia ted  w ith S may be taken from th is  curve, by 
c o r re c tly  p o s itio n in g  the t im e -in te rv a l <ft  o f the segment 3 
on the  time a x is .  This procedure does assume th a t  the 
len g th  of the generating  vector* v a rie s  smoothly w ith time 
between successive peaks, bu t i t  i s  thought th a t  th is  i s  a. 
reasonable assumption i f  a l l  the peak values l i e  on a smooth 
curve, as in  F ig , 3*6 w ith no sudden, n o n -re p e tit iv e , c re s ts  
or hollow s.
The problem i s  now th a t  of i s o la t in g  and examining a 
s e r ie s  of sm all segments of the waveform to  be analysed, in  
th is  case the output of the frequency modulated o s c i l la to r ,
and the dotorm ination of th e i r  r e la t iv e  p o s itio n s  on 
time a x is .  The equipment requ ired  to do th is  i s  
de,scribed in  the fo llow ing ch ap ter.
CHAPTER k*
TEST EQUIPMENT. ITS DESIGN AIP CALIBRATION.
The design co n sid era tio n s o f the t e s t  equipment 
can now be d iscu ssed  in  d eta il*
I t  was found in  Chapter 2 that the whole equip­
ment must be p u lse  o p ia te d *  Thus the apparatus may 
be s e c t io n a lis e d  to  some e x te n t , although the various  
se c tio n s  are n a tu ra lly  interdependent. In general 
the three se c tio n s  in to  which the equipment i s  
div id ed  are
(a) Control c ir c u its*
(b) The O sc illa to r  and reactor s ta g e s , and
(c) The measuring devices*
L o g ica lly , the con trol c ir c u it s  had to  be b u i l t
f i r s t ,  and then these were m odified as the development
of the o s c i l la to r  and reactor sta g es  proceded and the
requirem ents of the con tro l c ir c u it s  altered* F in a lly ,
the measuring c ir c u it s  were designed to  s u it  the
f in a l is e d  con tro l equipment*
1».*1 General C onsiderations*
To use the p r in c ip le  o f  frequency measurement
developed in  chapter 5 , i t  was required to view small
segments o f  the waveform on an o sc illo sc o p e  in  such
a manner that the various measurements may be made
upon the segment. Thus, the equipment must s e le c t
any portion  o f  the waveform under a n a ly s is , the time
S O .
duration o f  the se le c te d  p ortion  being short with
resp ect to  the period o f one complete ftyple o f the
waveform; th is  s e le c te d  p ortion  must be d isp layed  on
an o sc illo sc o p e  screen in  an expanded form, such that
the ord inates o f  two p o in ts  on the segment can be
measured. The time in te r v a l between th ese  two
ord in ates must be known. I f  the se le c te d  segment i s
to  be d isp layed  in  an expanded form, once the time
length  of the segment i s  decided, then the speed of
scan o f the tim e-base required can be f ix e d . In
accordance with chapter 1 . 2 . ,  the frequency o f  the
t e s t  o s c i l la t o r  i s  approximately 500 K c/s, g iv in g  a
period  of 2^ -sec . I f  th e  tim e-base scan i s  made 0*2/dsec.
(e f fe c t iv e )  the segment w i l l  correspond approximately 
o
to  a 36 ro ta tio n  o f the generating v ec to r . This
o
was deemed too g r e a t, and a f ig u re  of 18 was aimed a t .
Since the tim e-base speed i s  so h ig h , and the 
system i s  p u lse-op era ted , the pu lse r e p e t it io n  frequency  
must be made f a ir ly  high for c la r ity  o f  tra ce . But 
th is  cannot be increased  in d e f in it e ly ,  for during the 
period  that the o s c i l la t o r  i s  running the reactor  
va lve  must be operated and the consequent tran sien t  
allow ed enough time to  decay to  zero (mensurably^.
A lso , any pulsed  o s c i l la t o r  w i l l  have some build-jq? 
timeJf and the reactor va lve  must not operate u n t i l  the  
amplitude of the o s c i l la t io n  i s  s ta b le ;  the o s c i l la to r  
w il l  a lso  have a decay time depending on the tim e-
^2.
constant o f the tuned c ircu it*  Hence, the p u lse  
len gth  must be long enough to  accommodate the b u ild ­
up time and frequency-transient tim e, the space long  
enough to allow  the complete decay o f the o s c i l la to r  
output otherw ise the o s c i l la t o r  may not always 
commence operation in  the correct phase* The 
h ig h est p erm issib le  r e p e t it io n  frequency can thus 
only be found by experiment as the development o f the 
equipment proceeds*
Since the o s c i l la t o r  must be allowed time to  
s t a b i l i s e ,  there must be a time delay in ser ted  between 
the con tro l p u lse being applied  to  the o s c i l la to r  and to  
the reactor sta g e; i t  must not introduce random 
tim e-v a r ia tio n  or the phase of sw itch in g -in  the 
reactor stage w i l l  vary. S im ila r ly , the h igh-speed
tim e-base must commence operation  at in te rv a ls  of 
o
18 along the waveform for many m icroseconds, and 
again , the delay system must be com pletely fr e e  from 
random v a r ia tio n s  for i f  the tim e-base speed i s  
• 2 ^ s e c .  and sweeps over only 5 o f the o sc illo sc o p e  
screen , the tra v erse  time i s  1 cm* in  •Oif//£ sec . Since  
a 1 m.m. movement of the trace  h o r izo n ta lly  i s  
observable when p rojected  on to  a trace at some angle  
to the h o r izo n ta l scan a x is ,  then the delay must be 
f r e e  from time v a r ia tio n  to b e tte r  than k  m illi-m icr o -  
se c s . This fig u re  a lso  a p p lies  to  the o s c i l la t o r ,
y v
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whose in sta n t of commencing duty w ith  respect to  i t s  
co n tro l p u lse  must not vary by more than the given  
amount* Only delay l in e s  ( i . e .  a r t i f i c i a l  
transm ission  l in e s )  can produce th is  q u a lity  o f  delay; 
any system depending for i t s  delay on, say , the grid  
base o f a v a lv e , must introduce some random amount o f  
time v a r ia tio n  due to  random -temperature f lu c tu a ­
t io n s  w ith in  the v a lv e . The delay l in e s  must 
in troduce a delay of many m icroseconds, but with a 
v a r ia b i l i t y  o f  0*1  m icrosec. or le s s  (to  move the 
tim e-base along the waveform at 18° in te r v a ls ) .
F in a lly , a tim e-base o f the required scan speed 
with an amplitude o f at le a s t  15OV. must be obtained , 
together with a method o f  measuring as accu rate ly  as 
p o ss ib le  both the a ctu a l scan-tim e and l in e a r it y .
To f u l f i l  th ese  requirements the system , drawn in  
block diagram form in  F ig .if . 1 was used; the d e t a i ls  
of the sequence are as fo llo w s w ith referen ce to the 
tim e-phase diagram o f f i g .  if. 2« The master 
m ultiv ib rator produces a con tro l p u lse which i s  used  
d ir e c t ly  to  tr ig g e r  a monostable m ultiv ib rator o f  
mark p eriod  some 20 /^ se c . l e s s  than the con tro l p u lse . 
Thus the o s c i l la t o r  runs for a shorter time than the 
co n tro l p u lse , otherw ise the la rg e  con tro l p u lse  
t r a i l in g  edge produced d is to r t io n  o f  the o s c i l la to r  
waveform due to  feed-through . A fter the lead ing edge
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of the con tro l p u lse  had s ta r ted  the o s c i l la t o r ,  there  
i s  a d elay  of some 20/^seco (ma&imum) before the 
15 A sec • tim e-base i s  tr ig g e red , thus blanking out 
the b u ild  up of the o s c i l la t o r .  About a fte r
t h is  tim e-base i s  tr ig g ered  the reactor va lve is  
operated, the resu lta n t change in  the o s c i l la to r  wave­
form being viewed con ven iently  in  the m iddle o f  the 
15^ se c . 8weep on the monitor o sc illo sco p eo  Before 
the reactor va lve was operated, an output from the 
main delay l in e  had gone through a decade d elay-  
chain to tr ig g e r  th e high speed tim e-base. Thus 
the high speed tim e-base cou ld  be tr ig g ered  from 
any time before the reactor va lve had operated, in  
0 .1 /^ s e c . s te p s , u n t i l  some 30 /^ sec . th e rea fte r . Any 
segment o f the o s c i l la to r  waveform cou ld  thus be 
viewed on the measuring o sc illo sc o p e . F in a lly , the 
tr ig g e r  p u lse  to  the h igh-speed  tim e-base was fed  
back through a b u ffer  stage to  the monitor o sc illo sc o p e  
to  show which p ortion  o f  the o s c i l la t o r  waveform was 
d isp layed  on th e  measuring o s c il lo s c o p e . This i s  the 
operation  o f  the b a sic  scheme, although waveforms 
other than those mentioned above were monitored as 
requ ired , 
i f .2 Control C ir c u its .
Under th is  general heading w tlIbe considered the 
design o f the master and monostable m u ltiv ib ra tors,
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the main and decade d e lay -^ in ee , and the in t e r - l in e  
squaring a m p lifiers  and cathode fo llow er units#
(a) Master M ultivibrator#* The s p e c if ic a t io n  for  
th is  c ir c u it  i s  simple# Since a l l  other c ir c u it s  
w il l  be synchronised from the Master, i t s  frequency 
s t a b i l i t y  does n o t m atter, but from an experimental 
viewpoint the mark/space r a t io  and r e p e t it io n  
frequency must be variable# A reasonable amplitude o f  
output, say 100v#, i s  required with a good lead ing edge 
the t r a i l in g  edge doeB n o t m atter.
Far s im p lic ity , two 6J5 tr io d e s  were used in  the 
anode-coupled c ir c u it  of f ig#  if. 5 * s in ce the anode­
loads and coupling cap acitors are sym m etrical, but the 
g r id -lea k s  are 1 M.Ohm and 500 K.Ohms, there i s  an 
inherent asymmetry introduced in  the output waveform 
when E^  and are zero# Thus, for the c ir c u it  
con d ition  VI c u t -o f f ,  V2 conducting, from ch a ra c te r is ­
t i c s  for  the 6J5 i t  i s  found that Vjfc anode p o te n t ia l  
w il l  be + 80v . when i t s  grid-cathode p o te n tia l i s  
zero (i#e# ignoring the p o s it iv e -g o in g , short tim e- 
co n sta n t, t r a n s it  o f  V2 g r id ) . The corresponding 
drop inVl g r id  p o te n t ia l i s  (200 -  8o)V = 1 2 0 v ., and 
t h is  p o te n tia l w i l l  decay e x p o n e it ia lly  towards earth  
(B  ^ = 0) with a time constant C R = ^O^Asec. For a 
supply of 200v. the grid -b ase  o f  a 6J5 i s  -12V ., and 
hence the time t^ during which VI i s  c u t -o f f  i s  found
S im ila r ly , the time during which V2 i s  c u t -o f f  w il l  
be approxim ately, t 2 = 175^ 300. I f  and E2 have 
any p o s it iv e  values th ese tim es w il l  be reduced, for  
now, in  the case of t^ ^
£ ,  * 1 2  - (_£, 1 1 2 0 )  e~ &
/  S ,  + '2 0  
t ,  r C *  lo3•  ~E, + !z
Proiji P ig . 2f.2 the actu a l value o f was given as 
1 0 0 /tse c . This required E-^  to  be about +100V., 
which was considered good design p r a c t ic e , sin ce  the 
slope of the exponentia l recovery o f VI g r id -p o te n tia l  
at the c u t -o f f  value of VI was made steep ; in  th is  way, 
any sm all v a r ia tio n s in  grid-wwing, H.T. supply e t c . ,  
have l e s s  e f f e c t  on t j  than i f  E2 was zero . The 
same applied  to t 2 where E2 was adjusted to  make t 2 
= 8 0 /tsecso  The resu lta n t 120v. n ega tive  going  
p u ls e , 80,^ se c . wide, at VI anode was fed  d irec t to 
the monostable m u ltiv ib ra to r , and a lso  v ia  the  
cathode fo llo w er  to the main d e la y - lin e . The waveform 
was d .c .  re sto red  at the grid  of the cathode fo llo w er , 
t h is  stage being required to  i s o la t e  the Master 
m u ltiv ib rator from the low input impedance o f  th£ main
delay l in e .  S ince the e f f e c t iv e  cathode load was the
it e r a t iv e  impedance o f th is  l in e  the output from
h fb sm  ?zjcsN7 +aoav.
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the C.F. was only 38V.
(b) Monostable M u ltiv ib rator.
The monos ta b le  mill t i  v ibrator c ir c u it  i s  shown 
in  f i g .  S ince the output o f  th is  c ir c u it  was
used to  ga te  the o s c i l la t o r  on and o f f ,  a f la t-to p p ed  
p u lse  with good lead ing  and t r a i l in g  edges was 
required . The cathode coupled form o f  monostable 
m ultiv ib rator i s  capable o f meeting these req u ire-  
m ents, although the design o f the c ir c u it  i s  very  
much a case of t r ia l  and error; th is  i s  so because 
o f the interdependence o f the v a r ia b le s . Hence, 
from exp erien ce , cer ta in  va lu es of c ir c u it  elem ents 
were tr ie d  in  the f i r s t  p la c e , and then m odified u n t il  
the d esired  output waveform was obtained. Since the 
o s c i l la t o r  g a tin g  p u lse  was to  be narrower than the  
master p u ls e , i t  was found that a 6 o ^ s e c . o s c i l la t o r  
gate  was su itab le*
The actio n  o f  the c ir c u it  i s  b est seen by 
con sid erin g  the c ir c u it  o f  F ig . if.if. together with 
i t s  output waveforms of F ig . if .if(a ) . Normally, V2 
i s  conducting, and s in ce  i t s  g r id - le a k , R, i s  returned  
to the H.T. supply r a i l ,  the diode Vlf i s  conducting 
and the grid  to  ground p o te n tia l o f V2 i s  th at o f  the 
diode cathode, i . e .  + BgVolts. during th is  p eriod , 
the anode to ground p o te n t ia l o f  V2 i s  110V; hence the 
anode current i s  6 mA. From c h a r a c te r is t ic s  of the
^"8.
6 j 5 ( i/^ S /V 7 ), a load l in e  corresponding to (anode 
load  + cathode load) o f 22 K.Ohms, g iv e s  the required  
grid-cathode p o te n t ia l o f -* 5V for th is  current*
Since the anode current o f V2 flow s through the J K.Ohm 
cathode r e s is t o r ,  the cathode-ground p o te n t ia l i s  
+42V. Hence i s  + 41*5V, and V2 draws a very small 
value o f grid  current* On the ap p lica tion  of a 
n eg a tiv e  going p u lse  from the Master M ultiv ibrator, 
which i s  d if fe r e n t ia te d  by the 5^ PF* and 1 K Ohm. 
input c ircu it, the r e su lt in g  narrow n egative-go in g  
spike ca r r ie s  the cathode o f V5 n eg a tiv e . Thus the 
g r id  o f  V2 i s  carr ied  n eg a tiv e , and cumulative re ­
generation  takes p la c e , the anode o f VI dropping by 
56V. from +200 V. This drop a lso  appears on V2 g r id , 
tak ing i t  from +41.5V. down to  -  1 4 . 5V. and cu ttin g  
V2 o f f .  The cap acitor 0 now b egin s to charge 
ex p o n en tia lly  towards +200V. with a time constant o f  
RC (to  a very good approximation s in ce  R ^  15 K.Ohms 
in  p a r a lle l  with the Ra of V I). Since VI anode 
dropped by 56V ., i t s  anode current must be mA*,
and hence the cathode ground p o te n tia l must now be 
+2^V. From c h a r a c te r is t ic s  for a 6J5> 811(1 8 ^2 K.Ohm 
load  l in e ,  the grid-cathode p o te n t ia l i s  found to be 
-4V .; g iv in g  = + 22V. S ince V4  ceased to conduct 
whenever V2 g r id  p o te n tia l f e l l ,  the capacitor 0 w i l l
charge towards the f u l l  supply vo ltage o f +200V. The 
v a lv e  V2 w i l l  begin  to conduct again when i t s  grid  
p o te n tia l i s  approximately 1g V. below the cathode- 
ground p o te n tia l o f  +2&V., i . e . ,  at +lifV. Therefore, 
taking + 200V. as the base l in e  for  the exp on en tia l, 
the time that V2 i s  cut o f f  i s  found from 
(2 .0 0  — />^ ) -  { £ 0 0  + #c
tr__
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cokence t  r  S’4 '  Su.sec.
A fter th is  tim e , V2 conducts and the o r ig in a l  
con d ition s o b ta in , with VI cut o f f  (the cathode 
p o te n tia l i s  +42V., and VI grid-ground p o te n tia l i s  
+22V.) The lower end o f  the V2 grid  p o te n t ia l-  
d iv id er  chain i s  taken to  VI grid  to  permit a cer ta in  
degree o f f in e  con tro l o f  p u lse  w idth. Since the 
anode load o f  V2 was only 15 K.Ohms, the r is e  time of 
the output p u lse  was good, having a measured value o f  
about . 4^ 860$ th is  measurement was carried  out on the 
time sc a le  of a Cossor Model 1055 O sc illo sco p e , and 
was approximate. The diode V4  served the dual 
purpose o f s e t t in g  the le v e l  of V2 g r id  p o te n t ia l ,  
and a lso  of preventing V2 drawing much grid-current 
at the tr a n s it io n  period when V2 sta rted  to conduct
o.
again* Due to the la t t e r  a c tio n , there was very 
l i t t l e  overshoot at the t r a i l in g  edge o f V2 anode 
pulse*
Thus a p o s it iv e  going 90V. p u ls e , 60/^secs* wide, 
was d e livered  to  the Pulsed O s c il la to r , the lead in g  
edge of th is  p u lse  being synchronous with the lead ing  
edge of the Master pulse* The random time v a r ia tio n  
on the t r a i l in g  edge of the former pulse was n e g lig ib le  
s in ce  the slope o f  the exponential recovery of V2 grid  
p o te n tia l was steep  at the c u t -o f f  value of Y2*
(c )  Delay Lines* The design o f  the delay l in e s  
w i l l  now be d iscu ssed . Three in  number, th e ir  
design  and method o f c a lib r a tio n  was e s s e n t ia l ly  
s im ila r . A ll  three were designed around stock  
va lu es of inductance and cap acitan ce , and hence do 
not represent the b est design; s in ce  a l l  were found 
sa t is fa c to r y  in  p r a c t ic a l performance, there was no 
need to  improve upon them, by winding sp ec ia l c o i l s  
et c • ,
D ealing f i r s t  with the Main P elay-L ine, i t  was 
required to produce the lo n g est delay of the th ree .
I t  must provide a s u ff ic ie n t  delay to  permit the f u l l  
growth o f output o f the pulsed  o s c i l la t o r  before  
the o sc illo sc o p e  tim e-base (l^^uaeo*  scan) i s  
tr ig g e red , and a further delay before tr ig g er in g  the
6 /,
the p u lse generator supplying the reactor stage* Since 
the tim e-base speed was 1 5 se c . the la t t e r  delay was 
f ix e d  as 8^sec. i . e .  an e f f e c t iv e  delay o f ^ /zsec., 
s in ce  there was an inherent ^ s e c .  delay in  the 
Cossor 10^5 o sc illo sc o p e  between the ap p lica tio n  of 
the tr ig g e r  pu lse and commencement of the v i s ib le  
tra ce . The delay required by the o s c i l la t o r  to  
b u ild  up was only f in a l ly  obtained by experience o f  
operating the equipment, but as long as the actual 
delay introduced by the l in e  was greater than the 
build-up tim e, then i t  su ff ic e d ;  th is  delay was taken 
as about lOAsec. Therefore the to ta l required  
delay was about 2C^sec. To obtain  th is  delay without 
using an im p ra ctica lly  long lin e  in ferred  a large delay  
per s e c t io n , and hence a low c u t -o f f  frequency. The 
delay per se c t io n  used was 1 #^ s e c . To obtain  t h i s ,  
stock  c o i l s  of value L = were used in  conjunction
w ith $00 roicsi ca p a c ito r s . Therefore the delay  
per se c tio n  was,
To obtain  a delay o f not l e s s  than 20/*secs. , 22 such 
se c t io n s  were used , g iv in g  an approximate delay of  
2 0 .£ # sec . (c a lc u la te d ) . The i t e r a t iv e  re s is ta n c e  
was : —
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i .e *  the lin e  could  he matched very c lo s e ly  with a 
standard 3 .3  K.Ohm r e s is to r .  F in a lly , the c u t -o f f  
frequency o f  the l in e  was
This was considered  poor but s in ce  the amplitude 
of the output p u lse  of the matched l in e  was 32fV. a 
short grid -base v a lv e  could be used as a squaring 
a m p lifier  without introducing random time v a r ia tio n s  
in  the delayed p u lse .
The main delay l in e  was constructed  o f sec tio n s  
as shown in  Fig* if. 5 (A ), the lin e  being matched at 
i t s  far  end* Since i t  was supplied  from a source 
re s is ta n c e  much l e s s  than i t s  own it e r a t iv e  r e s is ta n c e ,  
the matching at the far end had to be good. The 
c o i l s  used were s e le c te d  from a large  number by 
measurement of th e ir  inductances on a Marconi Q-meter, 
the cap acitors being s im ila r ly  s e le c te d . The absolu te  
value o f delay per se c tio n  was not important on th is  
l i n e ,  and provided the se c t io n s  were sim ilar no 
r e f le c t io n  would occur*
The delay time o f  the l in e  was checked experi­
m entally  as fo llo w s . The 15y^sec. and 5 0 / t s e c .  tim e-
base ranges o f  a Cossor 3*035 o sc illo sc o p e  were 
ca lib ra ted  in  terms of microseconds per cm. of sweep, 
with a Marconi Standard S ignal Generator (Model 
TF.lififG) using su ita b le  freq u en cies. Since the 
accuracy o f the sign a l generator was much higher than' 
the accuracy o f v isu a l measurements from the  
o s c il lo s c o p e , the accuracy o f ca lib ra tio n  was the 
accuracy of the la t t e r ,  i . e .  about 1 2%* By taking  
a  large  number of such readings and averaging, th is  
f ig u r e  was considerably b ettered  (s in ce  the 
s t a t i s t i c a l  p o s s ib i l i t y  of taking high or low values  
i s  equal, for  u n -re la ted  rea d in g s). The l in e  was 
opened 8 se c tio n s  dom. from the input end, and the 
Master p u lse applied  to the remaining Ilf s e c t io n s .
This p u lse  was a lso  applied  d ir e c t  to  the ^rigger 
term inal o f  the o s c il lo s c o p e . The output from the 
delay l in e ,  taken to  the A1 o sc illo sc o p e  a m p lifier , 
was moved se c tio n  by se c tio n  away from the input. The 
lead ing edge o f the output p u lse  from the d elay  l in e  
was not observed on the o sc illo sc o p e  screen  u n t i l  
three sec tio n s  had been traversed . The inherent 
o sc illo sc o p e  delay was thus 3ust under the delay time 
o f these three s e c t io n s , the se c tio n s  being noted .
The l in e  was now c lo se d , and fed  from i t s  true input 
end. The p o s it io n  on the o sc illo sc o p e  screen o f the 
lead in g  edge of the output from the th ird  and f i f t h
se c t io n s  was obtained , th e ir  displacement in  cm. 
representing a time d ifferen ce  found from the relevant 
c a lib r a tio n . In th is  way the delay per pair o f 
sec tio n s  was found for a l l  the l in e .  Then the 
matched load  and i t s  p a r a lle l  capacitor were put 
across the input end of the l in e ,  the l in e  being now 
fed  from i t s  normal load end, and the delay per 
p air  of sec tio n s  was again taken. P lo tt in g  delay  
aga in st sec tio n  number for both cases showed the 
error due to  measurement and that due to se c tio n a l  
in e q u a lit ie s  in  the l in e .  The l in e  was thus found to  
have a delay per se c tio n  of 0 . 9 2 /< sec . c o n s is te n t ly ,  
the o v er a ll delay being measured as 20 A sec . The 
s l ig h t  discrepancy in  these two f ig u res  i s  due to  
s l ig h t  ca lib r a tio n  error between the two d iffer en t  
tim e-base ranges used. For the former f ig u r e ,
two se c tio n s  were used to allow  more accurate 
measurement of the^pacing between th e ir  outputs.
From th ese  f ig u r e s , the o sc illo sc o p e  delay was found 
to  be 2 .7 ^ A se c . The r ise - t im e  of the output p u lse , 
taken between 10^ and ^0% o f  i t s  am plitude, was 2/ * sec .
The second d e la y - lin e  in  the chain was the f i r s t  
o f the two decade l in e s ,  w ith a se c t io n a l delay of 
l ^ s e c .  (nom inal). Since th is  l in e  was required to  
produce an o v e r a ll delay o f lOy^-sec., to obtain a 
b e tte r  frequency c h a r a c te r is t ic ,  the 1/^ s e c .  delay
was obtained over two sec tio n s and twenty such 
se c tio n s  were used. Again using the stock inductor 
of value , a capacitance of 100 pF. was used, 
the components being se le c te d  as b efo re . Hence the  
delay per se c t io n  was th e o r e t ic a lly  0 *54-8 ^ .s e c s . , 
g iv in g  an o v era ll delay o f 1 0 . 9 5 ^ 8ec< the c u t -o f f  
frequency was 5$0 K c /s . , and the i t e r a t iv e  re s is ta n ce  
5.4-8 K.Ohms. This l in e  i s  shown d iagram atically  
in  F ig . 4. .5 (B ). I t  was found that a load r e s is to r  
o f  5 K.Ohms produced minimum r e f le c t io n . The delay  
per se c tio n  was checked as b efo re , for  the main delay  
l in e ,  taking p a irs of s e c t io n s . I t  was found that 
there was apparently no lo s s  o f  accuracy in  using here 
a much shorter displacem ent on the o sc illo sc o p e  screen  
between con secu tive  p u lse fro n ts  than was used 
p rev io u sly . A c o n sis ten t se c t io n a l delay o f 0.54-/*sec . 
was found, the o v er a ll f ig u re  of 1 0 *7 /^s©®* agreeing  
w e ll with t h i s .  Due to  the higher c u t -o f f  frequency 
o f th is  l in e  and to a much improved input p u lse  from 
the Squaring Am plifier Unit N o .l, the r ise -tim e  between 
10% and J0% o f the output p u lse  from th is  l in e  was 
8®c • This l in e  w i l l  be referred  to as the 
U nits l in e  o f the two Decade delay l in e s .
For the la s t  of the three l in e s ,  id e a lly  ten  
o f i t s  se c tio n s  should produce the same delay as one 
se c tio n  o f  the U nits l in e .  Therefore, the to ta l
6X5. £flSO. 4-200V.
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delay of t h i s ,  the so -c a lle d  ten th s l in e ,  should be 
1 .0 8  ^ s e c s .  Again using the only su ita b le  stock  
c o i l  a v a ila b le , o f  value O.71&H. > with a standard 
cap acitor of 10 p F ., the delay per sec tio n  should be 
0 .0836 /< secs., the c u t -o f f  frequency 3.8 M e/s., and 
the i t e r a t iv e  r e s is ta n c e  8 .^ 6  K.Ohms. The components 
were c a r e fu lly  s e le c te d  as b e fo re . To g ive  ample 
coverage of one se c tio n  o f the U nits l in e ,  fourteen  
se c t io n s  were used, g iv in g  a ca lcu la ted  o v era ll delay  
o f 1 .17>^ sec. S ince the se c t io n a l delay was so sh o rt, 
the previous methods of measurement could not be used, 
except to check the o v e r a ll d elay , which gave a fig u re  
o f 1 .15> *sec. (average of ten rea d in g s). However, a 
comparative method of measurement was used, any 6 and 
7 se c t io n s  of the Tenths l in e  strad d ling  equally  the 
delay of one se c t io n  o f  the U nits l in e .  The Tenths 
l in e  i s  shown in  P ig . if. 5 (c) $ the output p u lse r i s e -  
time being 0 . 2/ * se c . (ap p rox .).
(d) Trigger P re-A m plifier. Between the Main delay  
l in e  and the Trigger term inal o f the monitor o sc illo sc o p e  
(1 5 /^ sec . sc a n ), a p re-am p lifier  was in ser ted  to pro­
v id e  a ce r ta in  degree of p u lse  edge-squaring and 
a m p lif ic a tio n . Since the la t t e r  was not c r i t i c a l  
h ere , the 6J5 tr io d e  c ir c u it  o f P ig .if . 6 was used.
The in p u t, n egative  go in g , was d .c . restored  at the 
g r id  o f the v a lv e , and the resu lta n t p o s it iv e  going
J-FS-O £FSO + 2QOV.
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output was clamped to  earth by the d iode. Due to  
the if. 7 K.Ohrns g r id  stopper the maximum p o s it iv e  grid  
excursion  was just over IV ., the n egative  going input 
p u lse  taking the v a lv e  down to c u t -o f f ,  thereby  
g iv in g  an output p u lse  of approximately 170v . in  
am plitude. This amplitude ensured firm  synchronisa­
tio n  o f the o sc illo sc o p e  time base.
(e) Squaring U n its . The Squaring A m plifier and 
Cathode Follower (Unit N o .l)  had to meet more 
str in g en t requirem ents than the above. The input 
to  th is  un it was a n ega tive  going p u lse , 8 0 /^ se c . 
wide and o f )ifV. amplitude with a 2 / t s e c .  r i s e  tim e.
Thus, over the l in e a r ly  r is in g  p ortion  o f  the 
lead ing edge the rate o f r i s e  was 17V //^ sec. I f  a 
short grid -b ase pentode, such as an EF.5 0 , i s  used, 
the maximum rate of r i s e  of the output pu lse i s  
G.17 v o l t s//U  se c . where G i s  the stage g a in . The 
c ir c u it  used i s  shown in  F ig .4 . J. S ince the grid  leak  
was returned to  the +280v . supply, the grid  normally 
drew cu rren t, and hence the p u lse tra in  was d .c .  
resto red , s in ce  the time constant of the grid  path 
when g r id  current was flow ing was in  the order o f 15y*s® c. 
(th e re lev a n t space width being lO O ^ se c .) . On the 
a p p lica tio n  of the n eg a tiv e  going p u lse , the va lve  
was driven through i t s  gridebase; a lso , for the given  
anode load o f 33 K.Ohrns, bottoming occurred at a g r id -
cathode p o te n tia l o f - l« 5 v . Hence, e f f e c t iv e ly ,  a 
if*5v . portion  o f  the middle and not the beginning o f the 
lead in g  edge o f the p u lse was am plified  g iv in g  an 
anode swing o f This p u lse was fed  v ia  the
0 . 2 cap acitor to  the cathode fo llo w er , comprising 
an BP*50 tr io d e  strapped, with a 10 K.Ohm. cathode 
load . At the grid  of the cathode fo llow er the mean, 
or d .c .? le v e l  of the 2^5v . p u lse was +110v. approx. 
and s in ce  the cathode fo llow er operating point was very 
c lo s e  to c u t -o f f ,  only the p o s it iv e  going portion  was 
am plified; due to grid  current flow , an output pu lse  
amplitude o f  80V. (p o s it iv e  going) was obtained with  
a r i s e  time o f 0 .7 ^  sec . This p u lse formed the input 
to  the U nits delay l in e ,  the source impedance during 
the p o s it iv e  going p u lse  being le s s  than 300 Ohms; 
during the space period i t  was roughly lOK.Ohms.
Thus for the Squarer and cathode fo llow er u n it N o.2, 
the input p u lse  was p o s it iv e  go in g , about 80v . in  
am plitude, and w ith a r is e  time o f  1 *3 ^ s e c . ,  i . e .  
the r i s e  time worsened as the p u lse  progressed down the  
u n its  delay l in e .  Therefore, the only portion  o f  the 
p u lse  which may be used for squaring was a smal^ portion  
near the b ase, fo r  i f  a p ortion  near the top was used a 
p rogressive  tim e-phase error would be introduced due to 
the in creasin g  r is e -t im e  as the tap p o in t was moved down 
the l in e .  Thus in  the c ir c u it  of F ig . If.8 , the base o f
the input waveform was d .c . restored  to -12v. such that 
any rounding at the lower corner was ignored, and a 
If.^v. p ortion  o f the input between 6v . and 1 0 . ^v. was 
a m p lified . The am plifier va lve was normally c u t -o f f ,  
and, w ith an 33 K.Ohm anode lo a d , bottomed at a g r id -ca th . 
p o te n tia l o f - l .^ v ;  the corresponding n egative  going 
anode waveform was some 250v . in  amplitude, -Sue to  the  
cathode load  of the cathode fo llow er being low, the 
output of th is  va lve was very nearly  only that portion  
o f i t s  input that lay  below the mean d .c . va lu e. The 
input to the Tenths l in e  was therefore a negative going 
60v . p u lse , w ith a r is e  time of approximately 0 . 2^ s e c .
This com pletes the Control C ircu its  used. I t  should 
be noted th a t , w ith the exception  o f the Monost^ble 
M u ltiv ib rator, the main concern was w ith the lead ing  
edges o f  the p u lse s , for i t  was th ese edges that 
m aintained the synchronism of the system; the tops and 
bases contributed  nothing to t h i s .  In the case o f  the 
Monostable M u ltiv ib rator, the tops and bases were equally  
im portant, for  a slop in g  top may a lte r  the amplitude 
o f  the o s c i l la t o r  output. In the Squaring U n its, c lo se  
a tte n tio n  was paid to t im e-co n sta n ts , and the component 
valu es were so chosen that the minimum r ise -t im e  and 
maximum gain  was obtained.
O s c illa to r  and Reactor S tages.
(a) The O s c il la to r .
The only lim ita t io n  in  choice o f c ir c u it  was
th a t an L.C. c ir c u it  was to be used. Since a wide fr e ­
quency v a r ia tio n  was d esired  a tuned-anode tuned- 
grid  c ir c u it  was elim inated; th is  s t i l l  l e f t  great 
scope of ch o ice , and the other c r ite r io n  o f  ease of  
gatin g  the c ir c u it  on and o f f  was applied . I f  a tr iod e  
valve was used, the gating p u lse can e ith er  be applied  
to  g r id  or cathode. In the former ca se , the gating  
c ir c u it  of n e c e ss ity  produced in terferen ce  when the 
o s c i l la t o r  was running, w hile in the la t t e r  the n ece ss­
ary r e s is to r  reduced the output considerably (tra n s­
former coupling produced a slow ly r is in g  gate p u lse ) .
I f  a pentode was used , then e ith er  the screen  or the 
suppressor was a v a ila b le  for getting. For gating v ia  
the screen g r id , the g a tin g  c ir c u it  must be capable o f  
supplying normal screen current at normal screen  
p o te n t ia l  when the o s c i l la to r  i s  running; a va lve  
in  s e r ie s  with the screen grid  supply i s  capable o f  
doing t h i s ,  provided i t s  anode supply v o lt s  are high  
enough to  counteract the d .c . drop in  p o te n tia l across  
the s e r ie s  v a lv e . For gating  by the suppressor, the  
gating  p u lse must be at le a s t  lOOv. in  amplitude to  
ensure a clean  c u t -o f f  (the suppressor grid -b ase of an 
E.P.50 is  approximately 6 o v .) This produces d i f f i c u l t i e s  
in  obtain ing a fa s t  r is e - t im e , and hence a rapid cu t­
o f f ,  or on, i s  more d i f f i c u l t  to ob ta in . However, both  
th ese  methods gave good r e s u lt s  using a tuned anode
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anode c ir c u it  with an EF.5 0  va lve (a p hysica l feed ­
back cap acitor o f $0 p F .  was u sed ). But with both the 
tr io d e  and pentode c ir c u it s  supply v o ltage  v a r ia tio n s  
produced output amplitude f lu c tu a t io n s , as a lso  did  
h ea ter-v o lta g e  v a r ia tio n s . A lso , the build-up times 
o f the o s c i l la t io n s  were rather lon g , p a r ticu la r ly  
as the frequencyfoas increased .
F in a lly , a cathode-coupled form of o s c i l la to r  was 
found to g iv e  much superior r e s u lt s .  The c ir c u it  
i s  shown in  F ig . i f .9* Here, the feed-back loop was 
v ia  the cathode r e s is to r  from VJ grid  to  V2 anode, 
and thus the e f f e c t  of supply v o lta g e  v a r ia tio n s  was 
g re a tly  reduced. The build-up time v/as o f the order 
o f i f ^ s e c s .  at 1 Mc/s. becoming worse as the frequency 
was increased; at 5 Mc/s. the build-up  time was about 
and the amplitude about 10^ o f that at 1 Mc/s* 
This c ir c u it  a lso  p ossessed  the d es ira b le  fea tu re of 
g iv in g  an output o f seme ©Ov. peak to  peak; i f  the  
o s c i l la t o r  output i s  small an am p lifier  must be used for  
adequate d isp lay  am plitude, and the bandwidth o f such ai 
a m p lifier  must be great enough to  accommodate a l l  the 
side-bands o f the frequency-modulated o s c i l la t o r  output. 
Thus i f  the output i s  great enough for d irec t d isp la y , 
the source o f  waveform d is to r t io n  introduced by an 
a m p lifier  i s  d isposed  o f.
The p o s it iv e  going output from the Monostable M ulti­
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v ib ra tor  was used to gate the cathode-fo llow er sta g e , VI. 
Since the p o s it iv e  going input to  Vl was d .c . restored  
to  earth , VI was not com pletely c u t -o f f  during the 
1 2 0 s e c . space p eriod , and hence during the 6 0 /^ sec . 
mark (or gate) period  the cathode to  ground p o te n tia l  
was 86v. The rather low value o f coupling capacitor  
to the g r id  of VI was so chosen to  g iv e  a tim e- 
constant of about 5 A s e c * with the output impedance 
of the m ultiv ib rator and forward diode r e s is ta n c e  for  
as good d .c . r e sto ra tio n  as p o ss ib le  compatible w ith a 
long time constant (with the ZJQ K.Ohms leak) during 
the gate  period . The grid  leak  cannot be increased  
without l im it  owing to grid-cathode ca p a city , which 
in  th is  case was reduced by cathode fo llow er a c tio n .
Since no d .c . r e sto ra tio n  was used at the grid  o f V2, 
th is  va lve  was com pletely c u t -o f f  during the space 
period  o f 120^ 860 . With the d .c . l e v e l  of the p u lse  
tra in  at the grid  of V2 being  28 v o lt s  (approx.) 
th is  g r id  was driven from -28v . to  +59v; th is  gave an 
e f f e c t iv e  grid  swing of ju st over JQv. , s in ce  the grid  
base o f V2 was about 12v. Thus when V2 was c u t -o f f  
there was no feed-back path , and V  ^ was conducting, i t s  
current lim ited  by the b ia s  r e s is to r .
On a p p lica tio n  o f  the gate p u lse  V2 was driven in to  
conduction , and the feed-back loop c lo se d , o s c i l la t io n  
b u ild in g  up quickly due to  the h igh ly  regenerative action .
7 3 .
Provided the cathode p o te n tia l did not r i s e  above 
+59v * on the p o s it iv e  peaks o f  the o s c i l la t io n ,  the gain  
of V2 was approximately constant; on n egative peaks, 
due to the large coupling capacitor o f V2
cou ld  draw grid  current without producing n o ticeab le  
sag on the top o f the V2 gate p u lse . Again, with 
V2 conducting, the in crease in  cathode current moved 
the operating p oin t on the V3 dynamic c h a r a c te r is t ic  
farth er  down from the grid -cu rren t p o in t to roughly  
the middle of the range ( i . e .  the range from c u t -o f f  
to  g r id  cu rren t). Thus the grid  to  ground p o te n tia l  
o f  V3 grid  could  swing from down to  a few v o lt s
below earth  without introducing undue d is to r t io n . The 
observed output was 8ov. peak to  peak at the output 
term inal to  the high-speed scan o sc illo sc o p e  and the 
monitor o sc illo sc o p e ;  i t  was symmetrical about ground, 
and the amplitude given above a p p lies  to  the c ir c u it  
when loaded by the reactor s ta g e , the la t t e r  in  i t s  
quiescent s ta te  (see  the fo llow in g  se c tio n ), I t  was 
found by segmental a n a ly sis  la te r  that in  fa c t  the  
harmonic content o f  the output o f  th is  o s c i l la to r  when 
unmodulated was sm a ll, as suggested  by the above 
d escr ip tio n  o f i t s  a c tio n .
S ince i t  was d esired  to use various known values o f  
inductance and capacitance on the tank c ir c u it  o f the 
o s c i l la t o r ,  F ig . A*10 shows the p hysica l arrangement
7 //.
used. The c o i l s  used were Standard Marconi Q-Meter 
p lu g -in  c o i l s ,  whose va lu es were known to an accuracy 
of 1 2% and p ossessin g  inherent Q-values o f  greater than 
l^O. To permit a wide range o f to ta l inductance - 
v a lu es across sock ets 1 and 3> sockets 3 an<i  A were 
provided with wander cro co d ile  c l ip s .  Thus c o i l s  
could be plugged in  to sockets 1 ,3  and/or 3> A; the 
va lu es and L2 cou ld  be arranged e ith er  in  s e r ie s  or 
p a r a lle l .  The f ix ed  capacitor was soldered across the 
base of 1 , 3> a ceramic lo w -lo ss  type being used, and 
the v a r ia b le  cap acitor in  p a r a lle l  was an a ir -  
d ie le c t r ic  ceramic-mounted trimmer, which was ca lib ra ted  
both by a Marconi Bridge (a t 1000 c / s )  and by a Marconi 
Q-Meter (a t 1 M c/s). The actual value o f  the f ix e d  
cap acitor was measured by Q-Meter at 1 Mc/s, and for  
la rg e  valu es of capacitance each component capacitor was 
measured, i f  the to ta l  p a r a lle l  capacitance was too  
great to be measured by the Q-meter at one frequency, 
(The u se fu l range for su b s titu tio n  measurement of 0 on 
the standard Q-meter, at a given frequency, was k-^Op F$ 
the frequency sc a le  on the Q-meter was not so  accurately  
ca lib ra ted  as the capacitance vern ier s c a le , and hence 
changing frequency in variab ly  meant lo s s  o f  measurement 
accuracy) Thus the r a t io  L/C was known to an accuracy 
o f  iAZ
With the reactor va lve q u iescen t, the measurement of
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the unmodulated frequency of the o s c i l la to r  was 
carried  out on the 1 5 .^ sec . scan monitor o sc illo sc o p e ,  
whose X -sh ift  had already been ca lib ra ted  in  terms 
of tim e, for freq u en cies up to 1 Mc/s. Above th is  
f ig u r e , the period per cy c le  became too sm all, and the 
average p eriod , taken over f iv e  or s ix  c y c le s , was 
used to reduce the o v er a ll error by the number o f  
c y c le s  taken.
(b) The Reactor S t a g e .
In gen era l a reactor stage draws from the tank
c ir c u it  a current which e ith e r  lead s or la g s  in  phase
with resp ect to  the vo ltage across the tank c ir c u it ;
thus the input admittance to the reactor stage conta ins
a ca p a c itiv e  or in d u ctive  susceptance term. This i s
accomplished by applying to  the grid  of a va lve whose
anode and cathode are connected in  p a r a lle l with the
tank c i r c u i t ,  a v o lta g e  which i s  in  quadrature with
the tank c ir c u it  v o lta g e ;  the anode current i s  in
phase with the grid  v o lta g e , and in  quadrature w ith the
anode v o lta g e . Normally, the required grid  vo ltage
p h a se -sh if t  i s  obtained by a simple two-element
(R and C or R and L) p h a se -sh ift  c i r c u it .  Hence th is
typ e o f c ir c u it  i s  c a lle d  the P h ase-S h ift reactor-stage#
A ty p ic a l sk ele ton  c ir c u it  i s  shorn in  P ig .  if. 11* I t  i s
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analysed f u l ly  in  the l i t e r a tu r e .  The input impedance to  
such a c ir c u it  comprises a r e s is ta n c e  in  p a r a lle l with a
reactan ce, both being fu n ction s o f the valve parameters 
and frequency. Since the purpose of a reactor stage i s  
to  change the frequency, any change in valve parameters 
lead s to a change both in  the r e s i s t iv e  and re a c tiv e  
components, the former producing amplitude modulation.
By su ita b ly  designing the p h a se -sh ift  c i r c u i t ,  the
37r e s i s t iv e  term may be n eu tra lise d  at a given frequency;
i f  the change in  frequency i s  not too la r g e , e f f e c t iv e
n e u tr a lisa t io n  may be obtained over the bandwidth.
Normally, th is  type of n e u tr a lisa t io n  l im it s  the
frequency change in h eren tly , and the four-elem ent
type of reactor stage can be used for wider frequency 
37d ev ia tio n s . In th is  type, the main disadvantage i s  
com plexity, and i t  i s  ra re ly  used in  p ra c tic e . With 
both types the main o b jection  to th e ir  use in  th is  
in v e s t ig a t io n  was th e ir  small frequency swing, a swing 
o f some 5% being about the l im it .  Since d .c . anode 
supply must be app lied  to  the v a lv e , e ith er  ^6hoke or 
resistor i s  required to prevent the r . f .  being earthed  
through the (low) d .c . supply impedance; a choke i s  
normally used?but in th is  case a pu lse modulation i s  to 
be applied  to the reactor v a lv e , and a choke would not 
permit the rapid change in  anode current (and hence 
va lve  parameters) required . I f  a r e s is to r  i s  used, i t  
must be large enough not to damp the tuned c ir c u it  
se r io u s ly , i . e .  the anode current i s  lim ited , and hence 
the change in  valve parameters and frequency is  lim ited .
6>N7. +28QV
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To o b ta in  a la rg e  freq u en cy  sw in g , a novel type o f
reactor st ag£ was developed. The c ir c u it  is  shown in
F ig . if.1 2 . In th is  c i r c u i t ,  V2 i s  sw itched o f f  and on
by VI through the common cathode load . When V2 i s
conducting, and VI o f f ,  due to  cathode follow er action
the grid -cathode capacitance is  reduced to C , ( l  -  G)gk
38approxim ately, where G is  cathode fo llow er ga in . When 
V2 i s  cu t o f f ,  the f u l l  capacitance Gg^  is  presented , in  
s e r ie s  with the output impedance of VI across the tuned 
c ir c u it .  I f  G is  h igh , i . e .  G - ^ l ,  the change in  
capacitance in  p a r a lle l  with the tuned c ir c u it  is  la r g e , 
and a large frequency swing r e s u lt s .  Normally, VI i s  
held  c u t -o f f ,  and the cathode fo llow er cond ition  of V2 
o b ta in s, but on ap p lica tion  o f  the gate p u lse , Vl 
conducts and V2 is  cut o f f .  Since a r e p e t it iv e  pulse  
tra in  was used , the sink ing of the base lin e  of th is  tra in  
at the grid of VI was s u f f ic ie n t  to cut o f f  t h is  valve  
during the space p er iod . The phase diagram of Fig. if• 2 
shows the r e la t iv e  phasing and duration of the gate  
pu lse  used.
As applied  h ere in , the input impedance o f  V2 may 
be found for the two c o n d itio n s ,
(a) V2 acting as a cathode fo llo w er , and
(b) V2 to ta l ly  c u t -o f f .
(a) From F ig . if .12, it  is  seen th a t ,
t-Jiatid scale
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These are the fundamental r e la t io n s h ip s , in which Ra
i s  the va lve p la te  r e s is ta n c e , the 500 Ohms, being
ignored, and from which v^ and i  can be is o la te d .
Thus the input admittance i/v ^  i s  found, and hence the
va lu es of the equivalent p a r a lle l  r e s is ta n c e  and
cap acitan ce . W riting G- + jB for % , and r e s tr ic t in g  u
to be always much greater than un ity  ( >  10 in
p r a c t ic e ) ,  the p a r a lle l  components are given by
+ u? S s l_
c i n
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(b), When V2 is  cut o f f  then the actu a l input c ir c u it  is  
Cg in  s e r ie s  w ith the p a r a lle l  combination of Z and the 
output impedance of VI (conducting) at i t s  cathode, i . e .
z i Z .^ j
* z +
Thus, from * ^2 ) , the equivalent p a r a lle l r e s is ta n ce  
and capacitance va lu es are found.
Curves o f  p a r a lle l  input capacitance for each o f  the 
two con d ition s are p lo tte d  against frequency in  graphV/ • 
In ob ta in in g  th is  graph, the va lve parameters used in  the
formulae were taken from data sh e e ts , and the c ir c u it  
elements had the va lu es shown in  F ig . if. 1 2 . Prom the 
graph the con sid erab le change in  input capacitance i s  
obvious, and, with the tank c ir c u it  constants used, 
produced frequency changes of between 10$ and 20$; 
the - amplitude modulation produced was la r g e , but 
apart from th is  a p p lica tio n  i t  couiid e a s ily  be removed 
by a l im ite r . The l in e a r ity  of t h is  type o f  reactor  
stage cannot be ca lu c la ted  due to tube c h a r a c te r is t ic  
n o n - lin e a r ity , but c a lib r a tio n  at constant frequency of 
the change in  input capacitance of V2 per v o lt  change 
on the grid  o f VI was lin ea r  over approximately 
o f the working range; due to  the large o v era ll change 
in  capacitance the s e n s i t iv i t y  in p P /vo lt on VI grid  
was of the same order as that obtained with P h a se -sh ift  
Reactor s ta g e s . The 88pF. capacitor across the cathode 
r e s is t o r ,  although bad from a l l  design v iew -p o in ts , v/as 
found necessary in  p ra c tic e  to  stop the tank c ir c u it  and 
reactor stage o s c i l la t in g  under cer ta in  con d ition s  
during the space period .
To ensure that VI g r id  was driven from w ell below 
c u t -o f f  to near the grid -cu rren t p o in t , a p u lse generator 
was b u il t  for  th is  s p e c if ic  purpose. I t s  output must be 
p o s it iv e  going on the recep tion  o f a tr ig g er  from the 
Master m u ltiv ib ra to r , and the r i s e  time must be good.
S ince the tr ig g e r  must be derived from the main delay lin e , 
a p u lse  shaper was used to  form the tr ig g e r  to the p u lse
6 J S  EFSO 6 / 6 7  6 /1 6 7  VTSOi + 3 5 0 V
$5pF
sropF
72
Fi 6. 4.13
t
8 0 .
generator; the complete c ir c u it  i s  shown in  F ig . if* 1 3 ,
The p u lse  froija. the main l in e  was f i r s t  am plified  to 
obtain  a certa in  amount of edge squaring, d if fe r e n t ia ­
te d , and a p ortion  of the d if fe r e n t ia te d  p u lse am plified  
in  the shaping pentode c ircu it*  At the anode o f  th is  
p e n to d e ,a fa s t-r is in g  narrow p u lse  appeared. This 
tr ig g e r  p u lse  was again d if fe r e n t ia te d  by the coupling  
network to the grid  of V3 the f i r s t  va lve o f the 
tr ig g ered  astab le  m u ltiv ib ra to r . Due to the long 
tim e-constant coupling from t h is  v a lv e ’ s anode to the 
grid  of the second m ultiv ib rator v a lv e , Vif, and the 
r e p e t it io n  frequency used , Vif was normally c u t -o f f ,  and 
V3 conducting* On the ap p lica tion  of the n egative  
tr ig g e r  p u lse  to V3 g r id , Vif conducted as long as the 
g rid  p o te n t ia l of V3 was below the c u t -o f f  l e v e l .  The 
re su lta n t n ega tive  going p u lse  from Vlf anode was inverted  
in  V5 , and the p o s it iv e  going pulse of some 220v* 
amplitude and r is e  time of 0 . 2 / t s e c .  fed  to  the reactor  
sta g e . The p u lse  width was 8 0 ^ s e c .  and the space 
period  was 100 ^ s e c . Thus the b a s e - l in e  o f the p u lse  
tr a in  Bank to  -100v* at the g r id  o f VI of the reactor  
s ta g e , that g r id  being driven from -lOOv. to  + 120v; 
t h is  d rive ensured the proper sw itch in g -o ff  o f the 
reactor stage*
By the c ir c u it s  described  above, a sta b le  o s c i l la to r  
was gated  on and o f f ,  and during i t s  running time the
£FSO. 3 0 7 . -+-500V
220
Ksi2 5 0 K si
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frequency was changed by up to 20% o f the o r ig in a l  
frequency by a p u lse  o f r is e  tiibe 0 .2  # se c . applied  to  
the reactor stage; the whole being maintained in  p erfec t  
synchronism by the master con tro l p u lse . For constancy  
of performance, as far  as p o ss ib le  a l l  H.T. and heater  
su p p lies  were s t a b i l is e d  but the o sc illo sc o p e  su p p lies  
were n ot. Thus i f  the E.H.T. v o ltage  to  the o sc illo sc o p e  
dropped, the d e f le c t io n  s e n s i t iv i t y  in creased , and th is  
had to be allowed for in  obtaining the speed of scan o f  
the h igh-speed  tim e-base described below, 
if.if Measuring C irc u its .
The p r in c ip a l measuring c ir c u it  was the high speed  
tim e-base; a u x ilia ry  c ir c u it s  had to be developed both to  
con tro l i t  and ca lib r a te  i t .  Finally^ the very simple 
d .c . s h i f t  c ir c u it  was designed for measuring ord inates  
on the segment under exam ination. Taking th ings out o f  
ch ron o log ica l order for ease o f  d e sc r ip tio n , the high­
speed time base c ir c u it  i s  described f i r s t .
The f u l l  c ir c u it  includ ing the tr ig g e r  va lve i s  
shown in F ig . If.lif. B a s ic a lly , the tim e-base generator 
i s  a sim ple exponential type formed by the 8oJ v a lv e , 
i t s  anode lo a d , and, to ta l  shunting cap acitan ces.
With no tr ig g e r  ap p lied , the input valve and the 80J 
are held  c u t -o f f ,  the grid  o f the 80J clamped to the 
b ia s  v o lta g e , the X-£late of the o sc illo sc o p e  clamped to 
earth . On a p p lica tio n  o f a tr ig g er  pu lse o f some 
2 ,Usee. d uration , the cathode p o te n tia l of the input
8 0  7 v a l v e .
too
8 7
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300 4-oo soo200 'a
Fig 4.15.
8 2 . .
va lve  jumps p o s it iv e ,  taking the grid  o f the 807 
from -2ifV. up to earth  l e v e l ,  the grid  staying at 
earth  due to  the clamping diode. The 80J then 
conducts f u l l y ,  and i t s  anode p o te n tia l drops.
However, due to the low impedance source provided by 
the cathode-fo llow er the grid  of the 80J stays f ix e d  
at earth as the anode p o te n tia l runs down exp on en tia lly  
with a tim e-constant formed by the 10 K.Ohm anode 
load and i t s  p a r a lle l  cap acitan ces. When the 
resu lta n t n ega tive  going waveform at the X -p late goes 
more n egative  than -200v. the f in a l  diode conducts, 
and the X -p late excursion i s  h a lted  at th is  le v e l .
When the tr ig g er  p u lse  ce a ses , the c ir c u it  rev er ts  to  
i t s  o r ig in a l co n d itio n .
The time o f  the anode run-down from 500v. to  
JOOv. may be ca lcu la ted  with the aid o f the 807 
measured c h a r a c te r is t ic  reproduced in  F ig . if. 1 5 *
From th is  c h a r a c te r is t ic , over the range o f anode 
v o lta g e  considered  the p la te  r e s is ta n ce  i s  found to be 
Ra = 5 5 .7  K.Ohms. Therefore, during conduction the 
output r e s is ta n c e  i s ,
Rt~ &CL. ^  ^- -------- = 7 ' <3Ksl. .
For the to ta l  shunting cap acitan ces, the output 
capacitance of the va lve i s  lOpF, the to ta l  input 
capacitance of the o sc illo sc o p e  and diode p la te s  i s  
about 20 p F ., and a llow ing 8 pF. w iring capacitance,
Input to Fly-back Suppressor 
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e tc .  , the to ta l i s  (12  + 10 + 20 + 8 ) = 50pF.
Hence, the anode time constant i s  
T = 0 .5 9 ^  se c .
Therefore, the anode p o te n tia l v /il l  s ta r t  from +500v 
and f a l l  exp on en tia lly  towards an aiming p o te n t ia l  
o f - l 80v . as shown in  F ig . if. 1 7 ; th is  i s  true s in ce  
the working portion  i s  above the knee of the 
c h a r a c te r is t ic . For an anode p o te n tia l drop of 200v. 
the corresponding va lu e o f p o te n tia l measured from 
the - l 80v . b a se lin e  i s  (500  -  200 + l 8o)v  = 2f8ov.
Thus, jfc
it- so - c ?oo -t i to) e  ° 3*>
* 2 ; t  O ' l & . t c s e c .
Therefore the scan time i s  0 .1 3 y * sec . by c a lc u la tio n ; the 
observed scan time was 0 .2 ^  see . The agreement i s  
c lo s e  enough to su b sta n tia te  the design*
The f u l l  con tro l c ir c u it  i s  shown in  F ig . 4 . 1 6 .
The input i s  a n ega tive  going p u lse  from the Tenths 
l i n e ,  which i s  d .c . restored  on the g r id  o f the input 
v a lv e  VI. The r e su lt in g  n egative  pu lse at the cathode 
i s  d if fe r e n t ia te d  by the 0 . 25^ 800 . tim e-constant 
formed by the coupling network to  the grid  of the second 
v a lv e  V2. Valves V2 and VJ form a monostable m u lti­
v ib ra to r , w ith V2 normally b ia ssed  beyond c u t -o f f ,  and 
V2 conducting. On the ap p lica tio n  o f the n egative
<Sv-
tr ig g e r  pulse at the V2 g r id , th is  va lve i s  cut o f f  
and the subsequent r is e  in i t s  anode p o ten tia l l i f t s  
the grid  p o te n tia l o f such th at conducts,
Due to  regen erative a c tio n , the grid  p o te n tia l o f  
V2 i s  ca rr ied  as far  n ega tive  as the cathode p o te n tia l  
of V3 goes p o s it iv e ;  when th is  grid  p o ten tia l  
recovers to  the conduction le v e l for V2, the reverse  
action  takes p lace  and is  once more cut o f f .  The
coupling from V3 anode to V2 grid, i s  such that the
time of recovery of V2 grid  i s  roughly 2y$csec.
The re su lta n t pu lse at V3 cathode has extremely sharp 
lead in g  and t r a i l in g  ed ges, sin ce  a very large current 
i s  a v a ila b le  to charge the stray capacitance during the 
former edge, and a low r e s is ta n c e  discharge path i s
presented  during the la t t e r .  V3 i s ,  of course, the
input va lve of P ig . If.lif. Since the tim e-base va lve  acts  
as an exponential generator, the pulse on i t s  g r id  must 
have a r ise -t im e  much le s s  than the trace sweep, and 
th erefore the e s s e n t ia l  q u a lity  of the p u lse  generated  
by the c ir c u it  o f P ig . if .l6  was the rapid  r is e -t im e ,  
which was considerably  le s s  than the sweep duration. A 
marker p u lse  (See P ig . A*l) was taken from V2 anode back 
to the 15y ^ sec . sweep m onitor.
For i t s  a p p lica tio n  here, the h igh-speed o s c i l lo s ­
cope tim e-base need not be lin e a r , but from a general 
u t i l i t y  point of view the tim e-base was ca lib ra ted  to
EFSO £FSO FFSS + 3 SO  V
S K n .
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check i t s  l in e a r ity .  A ringing c ir c u it  at a 
frequency o f 40 Mc/s or over could  have been used , but 
i t  in  turn requ ires i t s  frequency measured. Hence a 
delay l in e  was con stru cted , using hand-wound c o i l s  
and c a r e fu lly  se le c te d  ca p a c ito r s , with a delay per 
se c t io n  of 0 . 021fyu-sec. Twenty-four such sec tio n s  
were used, g iv in g  an o v era ll delay of 0 . 576u s e c . ,  
at an impedance of 462 Ohms and c u t -o f f  frequency 
of 13*3 Mc/s. In measuring c o i l  and capacitor  
v a lu e s , the inductance and/or capacitance o f connect­
ing lead s was measured and allowed for in  obtain ing  
the true value o f the component. The am p lifier  and 
impedance matching unit of P ig .4*17 was b u ilt  to  
feed  th is  C alibrating l in e  from the Tenths l in e .
This am plifier shortened the pulse from the Tenths l in e  
to a more convenient width for use on a V) a  se c . scan 
o s c il lo s c o p e . The h igh-speed tim e-base was applied  to  
the X -p la tes o f Use o s c i l lo s c o p e , and the p o s it io n  o f  
th e p u lse  from each se c tio n  o f the c a lib r a tin g  l in e  
was measured on the screen o f the o s c il lo s c o p e , the 
p u lses  being applied  to the Y -p la te s . The ca lib r a tin g  
l in e  was then reversed , the former input end being 
c o r r e c t ly  term inated; the procedure was repeated.
Thus any error in  the ca lib r a tin g  l in e  could be 
a scerta in ed  and the true tim e-base l in e a r ity  obtained. 
As was expected , the n o n -lin ea r ity  was h igh, being
s-ttca. BF.so JEFSO. -f3SO V
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measured, at 10^; th is  was obtained, from the curve of 
graph 4* 2  . Thus both the speed and l in e a r ity  o f
t h is  tim e-base were known*
To complete the tim e-base c i r c u it s ,  a beam modu­
la t io n  c ir c u it  was required for fly -b ack  suppression.
The gate p u lse to the tim e-base was about 2 /* sec . lon g , 
and th erefore  the tim e-base va lve (the 8 0 7 ) conducted 
for that p eriod , i t s  anode p o te n tia l clim bing back 
to  the supply p o te n t ia l in  a few microseconds th e rea fter . 
Therefore, beam suppression need only commence sometime 
between the com pletion o f the 200v . sweep and the 
end o f the gate p u lse , and continue u n t il  just a f te r  
the anode has regained i t s  maximum p o te n t ia l. Thus 
the input to  the tim e-base un it of P ig . 4 - l 6 was a lso  
fed  to  the am p lifier  of P ig . L«17> delayed by the f u l l  
c a lib r a tin g  l i n e ’s delay of about O .^ /^ see ., and used 
to  tr ig g e r  the m ultiv ib rator (monostable) shown in  
P ig . i f . l 8 . In th is  manner the required delay was 
obtained  in  applying the n egative-go in g  1 0^ sec . wide 
beam suppression p u lse  to the con tro l g r id  of the 
cathode-ray tube.
F in a lly , to permit the measurement of ordinates  
at a known time sep aration , a double-beam o sc illo sc o p e  
was used , the second (or id le )  beam being u t i l i s e d  for  
t h is  purpose. The d .c . s h i f t  p o te n tia l was supplied  
by back-to-back connection of two 120v. b a tte r ie s ,
Fme.
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w ith coarse and f in e  con tro l as shown in  ^ ig . if. 19 #
The voltm eter used was a standard Model 7 AVO- 
m eter, which was ca lib ra te d  on i t s  d .c . ranges sp e c ia lly  
fo r  th is  purpose. Thus, the va lues o f ord inates  
could be found to an accuracy determined by the 
observation  error. T0 obtain  the zero a x is ,  or 
b a s e - l in e , with no s ig n a l applied  to the ^ o r k 1 beam, 
the id le  beam was se t  to co in cid e with the former, 
and the reading on the voltm eter noted. This i n i t i a l  
reading was then used to correct the observed values  
of ord inates obtained in  the immediately subsequent 
t e s t  run.
This com pletes the d escr ip tio n  of the equipment 
used inland b u i l t  s p e c ia lly  fo r , th is  in v e s t ig a t io n .
The power-packs used were standard u n -s ta b il is e d  
un-regulated  laboratory m odels, but in  a l l  su ita b le  
cases 280/80 S ta b il iv o lt  u n its  were added for  
s t a b i l i s a t io n .  In a l l  c a se s , de-coupling was 
used between u n it s ,  but not n e c e ssa r ily  w ithin  them.
Each o f the f ig u r e s  attached to th is  chapter u t i l i s in g  
v a lv e s  i s  to  be considered  one u n it . The o s c i l la to r  
and rea c to r , and the tim e-base generator and fly-back  
suppression  c ir c u it s  were the only excep tion s, 
de-coupling being provided for each supply source to  
each c ir c u it  in  th ese  ca ses . Heaters were supplied  
from b a tte r ie s  i f  the a .c .  supply mains v o ltage
S  C qnn e  nt-
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dropped too low, and were normally monitored, as were 
a l l  supply v o lta g es .
For every t e s t  carried  out a l l  supply v o ltages were 
checked, and the zero error obtained for the fwork* 
beam of the high-speed tim e-base o sc illo sco p e*  The 
o s c i l la t o r  and reactor stages which had been heated  
p rev io u sly  were then switched on and allowed time to 
s t a b i l i s e  (about 2 m inutes). The marker from the 
reactor stage  (F ig . if. 12) was then phased co incident 
w ith a peak of the waveform from the o s c i l la t o r  on 
the monitor; the tim e-base marker was phased roughly 
two c y c le s  in  advance of the reactor marker. Thus, 
segmental a n a ly sis  was commenced some two c y c le s  before  
any frequency modulation took p la ce . The type o f  
d isp la y  which was obtained on the h igh-speed  
o sc illo sc o p e  screen i s  portrayed in  F ig . i f .20. The 
l in e s  A and B were engraved on a doub le-sided  a n t i-  
p a ra lle x  transparent p la te  c lo se  to the screen; from 
the data obtained by the C alibrating  l in e ,  th e ir  lin ea r  
spacing was transformed to  a time displacem ent. The 
o rd in a tes , in  v o l t s ,  o f the p o in ts  o f in te r se c t io n  o f  
the segment of the curve with th ese  two l in e s  at C aid 
D were found by moving the id le  beam by the s h i f t  
con tro l up from the b a se - lin e  (dotted) to C and B 
r e sp e c t iv e ly . Thus the ord inates of two p o in ts o f  
known time separation  were obtained. The
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am plitude, or peak v a lu es , were obtained by 
ta n g e n t ia lity  of the id le  and work beams, and could be 
read o f f  accurately* To obviate d r i f t ,  at the end 
of each t e s t  run, peak valu es and zero se t  were 
checked. In th is  manner, the o v era ll o s c i l la to r  
waveform was broken in to  segments o f  known length  
and p o s it io n , such that the segmental frequency as 
d efin ed  in  chapter 5 could be found for each segment, 
and the r e su lt  p lo tte d  against tim e. Thus the  
tra n sien t behaviour of the frequency o f the o s c i l la to r  
could  be stu d ied .
CHAPTER 5.
RESULTS OP WAVEFORM ANALYSIS.
Parameter Control
The con d ition s imposed on the c ir c u it  parameters 
gave four d is t in c t  groups o f t e s t e .  They were
(1) the o r ig in a l frequency maintained constant and 
the 1/0  r a t io  varied*
(2) the o r ig in a l L/C r a t io  maintained constant and 
the frequency varied*
(3 ) the o r ig in a l value of inductance maintained
constant and the capacitance v a r ied , and
(if) the o r ig in a l value of capacitance held  constant
and the inductance varied .
In a l l  cases the o r ig in a l va lu es re fe r  to  in t ia l
con d ition s before operation  of the reactor sta g e .
Further, s in ce  i t  i s  d i f f i c u l t  to measure accurate ly
the phase o f  the r . f .  cy c le  at which the a d d ition a l
capacitance i s  switched in to  c ir c u i t ,  the point on
the sw itch ing pu lse at which V2 o f the reactor stage
commenced conduction was phased co incident with a
p o s it iv e  peak on the waveform in  each ca se .
An arb itrary  value of the r a t io  (inductance to
capacitance) was chosen as the b a sic  L/C r a t io ,  and a l l
other valu es o f L/C r a t io  were referred  to  the b asic
value by a numeric, a^. The b asic  r a t io  chosen was
9 0 .
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at an i n i t i a l  frequency o f 597 K e/s. I f ,  for case  
( l )  the frequency has to remain con stan t, then for any 
value o f inductance L = aLQ, the corresponding cap­
acitan ce  must be made C-C/&,where o ^  Cl  ^  cO . Thus,
R  = i r  * a 1 z f  * o ,s 2 0 .
S im ila r ly , in  case (2) for constant R but v a r ia b le  
frequency, for any value of inductance L  z b , ct£~c the 
corresponding capacitance must be C  s b  C 0 / Ct, y such 
that R  - 0l R o always, but f  = f o / b  where  £  i s  597 K c/s, 
and O & b  £  oO . In t e s t s  0 ) and (^) both
and b were variab les*  F in a lly , one other parameter
found to  be o f importance, and measured, but not con­
t r o l le d ,  was the r a t io  €  *  S i r / where f  was the i n i t i a l  
frequency and S f  was the frequency swing, i . e .  the 
d ifferen ce  between the i n i t i a l  and f in a l s tea d y -s ta te  
frequencies* Thus, a , b and e become the dimension-
le s s  c ir c u it  param eters.
S ince the r ise - t im e  T^  of the input sw itch ing pulse
was constant in  a l l  t e s t s ,  the rate o f change of
frequency, S f / T i  was d ir e c t ly  proportional to  S F ,  and
th e  r a t i o 7 2 / 7 “ was d i r e c t ly  p r o p o r tio n a l to l / “T  or f ,  
where T i s  th e  p e r io d  o f  the freq u en cy  f .
Test D e ta ils .
The s p e c if ic  d e ta ils  of the t e s t s  carried  out are
now lis te d *
( l )  Constant frequency, v a r ia b le  a2 group* For each 
of the three va lu es o f  b
4 2 .
b = 0 . 7 5 , b = 1 , b = 1 . 5 ,
e igh t va lu es o f a2 were used, w ithin  the range 
O.2 5  4^ a2 ^  4 .
pThe lower l im it  o f a was s e t  more by u n sa tisfa cto ry  
c ir c u it  performance than by ch o ice . For small a  ^
the value of capacitance required i s  la r g e , and the 
in je c te d  capacitance produces a sm all change in  
frequency. The upper lim it  was se t  le s s  r ig id ly ,  
but the capacitance cannot be reduced too far or the 
error in  estim ating  strays becomes s ig n if ic a n t .
*or each value o f a2 , segmental a n a ly sis  was 
Commenced two c y c le s  b efore the sw itch p u lse  was 
ap p lied , and th erea fter  fo r  20 m icroseconds. The 
la t t e r  f ig u r e  was found by experience always to be 
adequate for the ranges covered. Thus, some 200 or 
more p a irs  of su cc ess iv e  ord inates were required  
for  each value o f a2 , and peak am plitudes were measured 
during each t e s t  not only as they appeared in  the 
sequence o f  o rd in a tes , but a lso  were checked a t  
the end o f each t e s t  to ensure that d r i f t ,  e ith er  
in  the equipment or in  the mains supply, had not been 
present during the t e s t .  Peak amplitude v a r ia tio n  
was p lo tte d  against tim e, and the angles df and 02 
computed for each p a ir  o f ord inates in  conjunction w ith  
the am plitude-tim e graph, the d ifferen ce  o f  these  
a n g les , when d iv ided  by the time in terv a l between the
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corresponding ord inates g iv in g  the segmental 
frequency. In th is  way, curves o f  segmental 
frequency to  time were drawn for each value of a2 .
(2) Constant a2 , variab le  frequency group. For
p
each of the three va lu es o f a
a2 = 0 =5 , a2 = 1 , a2 = 1 .2 5  
e igh t va lues of b were used w ith in  the range 
0 .6  b «  5
In th is  casethe range o f b was lim ited  at the lower end 
by s l ig h t  random time v a r ia tio n  in  the o s c i l la t o r ,  
which was only apparent on the h igh-speed  tim e-base, 
and at the upper end by in creasin g  harmonic content 
in  the o r ig in a l waveshape. The procedure was as 
for group/.
(5) Constant L, v ariab le  capacitance. In th is  
ca se , the inductance was maintained at LQ = 200/cH.' 
and s ix  va lu es o f the r a t io  C/CQ were used w ithin  
the range
0 . 7 5  «  c / c 0  ^  1 . 3 7 5 .
For th is  range of C/CQ, the corresponding range o f  
2a was
1 .33  a2 ^  O.725
and that o f b was
O.865  ^  b ^  I . 1 7 .
The la t t e r  two ranges are purely in c id e n ta l9 the 
co n tro lle d  range being that o f  C/C0 . The procedure
E f f e c t i v e  D ura t  ion ©f
was as in  ( l )  for each C/Co v a lu e .
(*) Constant c , v ariab le  inductance. The value  
of capacitance chosen was 0Q = 355 pp# Eight vaLues 
o f the r a t io  L/Lq were used w ithin  the range,
0 .5  £  I /L 0 ^  1 0 7 5 -
The correspnding ranges of a2 and b were
0 .5  <  a2 X.375
0 . 7 0 2 ^ b s$ 1 .1 7  
The procedure was as in  ( l )  for each value o f  the 
r a t io  I/L q.
Thus, from th ese four groups o f t e s t s  there re su lte d  
some 62  graphs of segmental frequoicy to tim e, a l l  
o f the general form dep icted  in  "^ rapfc $.11 and i t  i s  the 
r e s u lts  of analysing th ese  primary graphs that are 
now considered .
A nalysis o f H esu lts .
The r e s u lt s  o f  th is  experim ental in v e s t ig a t io n  
may be considered  in  two ways. They may be analysed  
m athem atically, or they may be trea ted  from the
view -poin t o f  th e ir  u t i l i t y  in  the design  o f  P.M.
equipment. The la t t e r  view w il l  be taken here, 
em pirical design formulae and graphs being derived  
rather than the mathematical fun ction  o f  time repre­
sented  by each frequency curve of the primary r e s u lt s .  
No cori& ation between such a mathematical function  and 
that derived from th e o re tic a l a n a ly sis  o f the c ir c u it
9 s .
i s  p o s s ib le . In th is  ca se , the o s c i l la to r  output 
v a r ies  both in  frequency and magnitude during the 
tran sien t period; the capacitance and r e s is ta n c e  
in  the resonant c ir c u it  are both , th ere fo re , functions  
o f tim e. I f  the resonant c ir c u it  alone be c 6nsid ered , 
a second-order d if f e r e n t ia l  equation with v a r ia b le  
c o e f f ic ie n t s  may be formed, d efin in g  capacitor charge 
in terms o f  tim e. Since a general so lu tio n  o f th is
type o f  equation i s  unknovn, the v a r ia tio n  of the
/7'7/’6/ \c ir c u it  parameters i s  normally assumed (c is o id a l)  and 
the r e s u lt in g  M athieu's or H i l l f s equation so lved  with 
the r e s t r ic t io n s  (a) that the magnitude o f the v a r ia tio n  
i s  sm all with respect to i t s  mean v a lu e , and (b) that 
the percentage change in  the vaLue o f  any parameter in  
one cy c le  of the ca rr ier  frequency i s  very sm all.
N either of these r e s tr ic t io n s  i s  true in  th is  ca se ,  
and such a th e o r e t ic a l so lu t io n  cannot apply. Further, 
to obtain  any so lu tio n  of the d if f e r e n t ia l  equation  
at a l l ,  the v a r ia tio n s  in  capacitance and r e s is ta n c e  
must be known as fu n ction s o f  tim e. In th is  case a 
known p u lse  waveform was applied  to the input o f  the 
reactor s ta g e , but the v a r ia tio n  in  r e s is ta n c e  and 
capacitance across the resonant c ir c u it  was in d eter­
m inate, depending on the n on -lin ear c h a r a c te r is t ic s  o f  
two v a lv e s . S i n c e  the author knew o f no method, 
experim ental or th e o r e t ic a l ,  o f determining th is
u .
v a r ia tio n , no th e o r e t ic a l so lu tio n  could be attempted.
An em pirical approach was th erefore resorted  to .
The important fa c to rs  for design purposes are the 
duration of the tra n sien t and the maximum overshoot in  
frequency for any given a2 and b v a lu es . The la t t e r  
fa c to r  i s  r e la t iv e ly  unimportant, in  telem etry  in  
p a r t ic u la r , for that portion  o f  the channel sign a l 
contain ing any frequency tra n sien t i s  u se le s s  for data 
transm ission; but the maximum frequency overshoot 
may produce rece iv er  p a r a ly s is . I f  th is  overshoot i s  
great enough to drive the frequency d iscrim inating  
element far  beyond i t s  normal range, the recovery  
time of the element may be longer than the remaining 
frequency tr a n s ie n t , thereby reducing the a v a ila b le  data 
carrying period and the power in  the sample. In 
present systems th is  i s  avoided by su ita b ly  gating  the  
rece iv er  in  advance o f the frequency d iscr im in ator. 
Again, in  a l l  P.M. system s, the amplitude v a r ia tio n  
ifi q u ite  im m aterial, as the amplitude i s  in variab ly  
sev ere ly  lim ited  to e lim in a te  amplitude modulation 
both from the source, as in  th is  ca se , from im pulsive  
n o is e , and a ls o , in  te lem etry , from s e le c t iv e  fading  
as the m is s ile  r o l l s  or p recesses in  f l i g h t .  Therefore, 
the most important r e s u lt s  of th is  in v e stig a tio n  from 
the design p oin t o f view are those concerning the 
duration of the frequency tra n sien t and i t s  dependence
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on c ir c u it  param eters.
Since the primary graphs o f segmental frequency 
versus time are a l l  o s c i l la to r y  in  ch aracter, the 
method o f estim ating  the duration of the tran sien t  
used throughout the work is , o f n e c e s s ity ,  not ab so lu te . 
It  i s  illu stra ted  in graph S. // which i s  ty p ic a l o f a l l  
the primary graphs. With reference to th is  graph, 
s in ce  any o s c i l la to r  produces a certa in  amount o f  
harmonic co n ten t, the segmental frequency in  the 
o r ig in a l and f in a l  steady s ta te s  i s  o s c i l la to r y ,  
of period equal to  the recip roca l of the re levan t  
steady s ta te  freq u en cies. S ince the point in  the 
o s c i l la t o r  cy c le  at which the reactor commenced 
operation i s  known, together with the r ise -t im e  of the 
sw itch ing p u lse , the beginning o f the tra n sien t i s  
f ix e d  ( i f  the re su lta n t frequency v a r ia tio n  fa i th f u l ly  
fo llo w s the sw itch ing p u lse , the tra n sien t duration i s  
to  be considered ze ro ) . For the end o f the tr a n s ie n t , 
two h o r izo n ta l l in e s  were drawn to g ive the l im it s  o f  
the peak to  peak swing o f the segmental frequency for  
the f in a l  steady s ta te  co n d itio n , and the tra n sien t was 
here deemed to end at the f i r s t  peak o f the segmental 
frequency waveform which lay  on one of these lim it in g  
l in e s ,  i . e .  at point A on the&raph. The o r ig in a l and 
f in a l  steady s ta te  frequencies were taken as the mean 
value o f  the waveform between the lim itin g  lines©
i i r t i
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Prom the primary graphs of group ( l ) ,  the duration  
o f the tra n sien t in  frequency was p lo tte d  against a2.
When p lo tte d  against a , for each value o f b , the 
p o in ts were found to l i e  approximately on a stra ig h t  
l in e  of a form -
T = B(b) . a^usec. 
where T i s  the tra n sien t duration and B(b) i s  some 
fu n ction  o f  b , i . e .  of frequency. These curves are 
shown in  graphs 5 . 1  and 5*2 r e sp e c t iv e ly . Within the 
range o f b c o n s id e r e d ,it  appears that to  a c lo se  
approximation B(b) i s  lin e a r  in  b , being given by -  
B(b) = 5 . 9b 
whence T = 5*9ab /£ se c .
This simple r e la t io n sh ip  cannot be assumed to hold  
outwith the experim ental range of b , but whatever B(b) 
i s ,  from graph 5*1, T i s  seen to  be d ir e c t ly  proportional 
to  a , for each of the three given values of b.
The r e s u lts  of group (2) are shown in  graph 5*3
from which the v a r ia tio n  o f  T is  found for b values
outwith the range considered above. I t  i s  immediately
obvious from th is  graph that the r e la t io n  between T and 
b i s  n o n -lin ea r . In th is  graph, the curves have been
extrapolated  in  both d ire c tio n s  beyond the experimental 
range; such ex trap o la tion  i s  hardly ju s t i f ia b le  in  
th is  purely experim ental work. For frequencies w ithin  
the experim ental range above about 7°° K c/s, the curves
to
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show a tendency to converge, hence th is  convergence 
i s  continued with the r e su lt  shown* For frequencies  
below JO0 K c/s w ith in  the range, the curves tend to  run 
p a r a l le l ,  and a l l  show a marked in crease in  l in e a r it y ,  
hence the curves are drawn to  continue in  th is  manner 
and cut the zero frequency a x is .  S tr ic t ly  th is  
la t t e r  ex trap o la tion  i s  not c o r r e c t , for th e o r e t ic a lly  
any tra n sien t continues for a l l  time; p h y s ic a lly , the 
duration of a tra n sien t i s  purely arb itrary , depending 
only on the s e n s i t iv i t y  o f the measuring device used. 
Since th ese  curves are a r e s u lt  of p h ysica l measurement, 
the tr a n s ia it  w i l l ,  in  f i n i t e  tim e, become se n s ib ly  zero* 
Therefore the curves are allowed to  out the zero f r e ­
quency a x is ,  in d ica tin g  that with th is  method of 
measurement, for given a2 , as the frequency decreases  
( i . e .  L and C in crease) the frequency tra n sien t does 
not in crease  without l im it .  On the other hand, as 
frequency i s  in creased , i f  ex trap o la tion  can be allow ed, 
the curves appear to cut the T = 0 a x is  at the common 
p oint o f 2 .5  M c/s. Now the sw itch  p u lse  to the reactor  
va lve  had a r is e - t im e  o f 0 .2 ^  s e c s . , and fo llow in g  the
tf.i
work o f Cawthra and Thomson th is  r ise -tim e  may be 
considered  as h a lf  o f a sine-wave of period  O .lf/^ sec ., 
i . e .  o f  equ ivalent frequency 2.5  M c/s. Since the r i s e -  
time i s  co n sta n t, th is  equ ivalent frequency i s  constant, 
and thus i t  may be sa id  that there i s  no frequency
tra n sien t when the unmodulated o s c i l la to r  frequency i s  
equal to , or greater than, the equ ivalen t sw itching  
frequency; for  the unmodulated frequency le s s  than 
the equ ivalent sw itch ing frequency, the duration o f  
the frequency tra n sien t i s  as shown in  graphS’.-S, I f  
th is  r e su lt  may be applied  in  general to  pu lse  
modulation of frequency, i t  in d ica tes  th a t , for an 
equ ivalen t modulating frequency le s s  than the ca rr ie r  
frequency, the ca rr ier  frequency w i l l  fo llow  the 
modulating waveform f a i t h f u l ly ,  but for an equivalent 
modulating frequency equal to  or greater than the 
ca r r ie r  frequency, there w i l l  be p e r t a in  amount o f  
tra n sien t introduced; the resu ltan t F -M s ig n a l w i l l  
be d is to r te d , and in  the r e ce iv er  a fa ith fu l  repro­
duction o f  the modulating waveform i s  apparently  
im possible* This la t t e r  statem ent i s  rather hypothetical 
s in ce  i t  could not be v e r if ie d  experim entally; such 
v e r if ic a t io n  would be extrem ely d i f f i c u l t .  The above 
fin d in g  i s  q u a lif ie d  la te r  (pp. /0 9 ) . F in a lly , for any 
given value of frequency, the duration o f the tran sien t 
i s  proportional to (a )w ith in  the accuracy o f the graph.
On th is  b a s is ,  w ith the curve for a2 = 1 as referen ce, 
surves for a2 = 2, a2 = 4 , were derived as shown* Three 
p o in ts  on the a2 = 2 curve were checked experim entally  
and found to  be correct w ith in  &%. This, in  conjunction  
w ith graph S .  / the duration o f the frequency tra n sien t
0-g 0 -4  0*6, O'Q
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for any a2 and b values may be found. I t  i s  a lso  noted  
in  comparing s . i  and s:s  which were p lo tte d  from two 
separate groups 6 f t e s t s ,  that the agreement i s  w ithin
I  7%
To f a c i l i t a t e  d esig n , from S. / and S . 3  a fam ily  
of constant duration curves can be constructed to axes
po f  or and frequency. This i s  done in  graph S.J+ , any 
in term ediate va lu es of duration e ith e r  being computed 
from 5, / and 6" 3^ or more simply by using an in te r ­
p o la tio n  formula and graph S .  ^  • The use o f  th is
fam ily of curves w i l l  be i l lu s t r a t e d  la t e r ,  in  p red ic t­
ing group (3 ) and (4 ) r e s u lt s .  In telem etry , a 
normal accuracy o f p red ic tio n  o f the gating  period to 
one microsecond is  ample, and hence th is  graph f u l ly  
meets p r a c t ic a l requirem ents. Graph S.if. shows that 
a given  change in  a2 has a p rop ortion ately  sim ilar  
e f f e c t  on the frequency tra n sien t at low frequencies  
as at h igh . A ll the curves are contained in  the area 
bounded by a2 -  <0 , f  = 2 .5  M c/s, and a l l  curves are 
asym ptotic to th is  va lue of f . Graph may now be 
d iscu ssed  furth er s in ce  i t  p resen ts graphs S*. / and S13 
in  a form more amenable to a n a ly s is . When graph i s  
re p lo tted  on lo g - lin e a r  paper as in  graph $ . lh (a ,)9 the 
frequency ax is l in e a r ,  the a2 ax is  logarith m ic, a 
fam ily  of s tra ig h t l in e s  i s  obtained for1 each value o f  T. 
Thus the re la tio n sh ip  between f  and log  a2 i s  l in e a r ,
Q&&&H
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i . e .  ,
r  f  o  C j ( & .') * ' t  C  J
for  each l in e  of constant T. For the l in e s  shorn in
the gradient m and constant c were obtained.
I f  now the several va lu es of c are p lo tte d  aga in st lo g
T as in  graph ^  then i t  i s  seen th a t , to a
c lo s e  approximation
C  * -  m , .  / o g T  t  K ,
The constants and k were evaluated  as b efo re ,
and gave
C * -  / * 2 3  / o y f  + t ' 6
- log 3 9 -  9 T  ' / 2 3
F in a lly , when m was p lo tte d  to log T i t  was found
th a t , again , to a c lo s e  approximation,
'7k z - O ' 3 4 . 9  /<? g  -7- O ' 9 9
l o g  9 7 7  r ' 0 ' 3 * 9
Since both m and c are now r e la te d  to  T, the expression
fo r  f  becomes gen era l, i . e e>
fZ S \o$<7 -  /OJ t ) ,  — / ' 2  3 Joy'T*
= / o g C AJ \  l o g  9 - 7 7  T ° * * *  +  l o y  3 9 - 6  7""' 23
This i s  the g en era l, but approximate, fu n ction  o f  the
curves of graph S . i+. • I t  i s  a ls o  the equation of
2the curves in  and S'. 3 w ith f  or a constant
r e s p e c t iv e ly . Thus, in  graph &• /  for f  = 0 .8  Mc/s and
= 1 , using the f i r s t  form of the equation^
0 $ S ~ / ' 2 3 / o y T  + / '£
♦ .«ev T  s. .
From S.  T = ifo ^ ^ secs .
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This shows good agreement between the curves and the 
derived  formula, but i f  afi i s  made very sm all, in  the 
order of 0*1, then the error in  the formula becomes 
la r g e , v iz .  at a2 = 0 .1 ,  f  = 0 .6  M e/s., from S .  4  
T = l .^ /^ s e c ;  but from the formula T i s  ca lcu la ted  
to be l . ly t f s e c .  Hence the general formula g iv e s  
o p tim ist ic  r e s u l t s ,  the error in creasin g  with 
decreasing T and/or a^. The accuracy for la rg e  T 
and afi cannot be d iscu ssed , sin ce  at frequencies under 
200 K c/s and over 1 Mc/s. the curves are extrapolated  
and not experim entally  checked. The error must 
in crease  as f  in crea ses  i f  the hypothesis of the 
l im it in g  frequency of 2.5  Mc/s i s  to  hold , for the 
equation can in crease  without l im it ,  but for f < lM c/s 
the equation i s  co rrec t.
Before con sid erin g  further the dependence of the
tra n sien t duration on the parameters a and b ,
a tte n tio n  i s  turned on graphs 5*5 to  5*7# frequency
swing i s  defined  here as the d ifferen ce  in  o r ig in a l
and f in a l  s te a d y -s ta te  freq u en cies , and graphs 5*5 ani
5 . 6  re fer  to th is  quantity as obtained in  group ( l )
t e s t s .  Prom 5*5 the frequency swing in creases with 
in creasin g  duration , but the tra n sien t duration i s  not
r e la te d  to frequency swing as i t  i s  to  a . Comparison
o f  5*2 and 5*5 shows that the frequency swing in creases
s l ig h t ly  l e s s  rap id ly  than a for  sm all T, but
£7YCY S w / AFreglu
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considerably le s s  rap id ly  than a for large T, for the
three valu es of b used, Graph S.& shows the
re la tio n sh ip  between frequency swing and a 2 for
comparison with 5", / , and shows immediately the r e la t iv e
r a te s  of in crease of frequency swing and duration with 
2a • Again, graph 5 .7  shows the frequency swing to  
i n i t i a l  frequency obtained in  group (2) t e s t s .  Here, 
over the range, the frequency swing i s  very c lo s e ly  
a lin e a r  function  of i n i t i a l  frequency* But graphs’. 3  
shows the duration i s  not a lin e a r  function  o f i n i t i a l  
frequency except at large valu es of duration , where 
very approximate l in e a r ity  is  obtained. The depen­
dence of the tra n sien t duration , T, on the parameters 
a , b , and the frequency swing S f  7 can now be in v e s t i ­
gated  q u a lita t iv e ly . Graphs SJ, S'-2 , show th a t at a 
g iv en  frequency T appears to  be a lin e a r  function  of a, 
and an in verse fun ction  o f frequency. But T may a lso  
be a fu n ction  o f $ f  , s in ce  Sf in creases with a. Thus, 
from group ( l )  t e s t s ,  T may not depend simply on a, 
but may be of the fonn
T  = F i S f ) .
for a constant frequency, the two additiona/functions 
combining to  g iv e  the apparent dependenc^6n(a)only.
Nov/ consider the evidence of group (2) te sts*  F ir s t ,
T appears to be proportional to a at a l l  frequencies 
w ith in  the range* Secondly, for  a given value of
uF r e q u e n c y  -  F c/ s
800600200
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a the duration T decreases w ith in creasin g  frequency, 
i*e»
T  *  /  /  H i f ) .
But from S. 7, SF  in creases with in creasin g  frequency, 
i <>e* S f  in creases for decreasing T. Thus, h ere , T 
may have the form
~ r  = *  Const". / H(f) .  Ft, St),
Since the va lu es of T, £ - f , are equal for correspond­
ing a2 and f  va lu es in  the two groups of t e s t s , cF. S .i 
•5,3 , o.rt(/S."7j  the two exp ression s for T can only be
equal i f  ,  t / p ^ y
Thus, for a l l  a and b values  
T = G(a) /  H(f)
= G(a) . B(b)  
i . e .  the frequency swing does not in flu en ce  the 
len g th  of the frequency tr a n s ie n t .
To sum up, i t  has been seen from S*2.y that
for constant b ,
T = Constant X a, 
with the constant depending on the p a rticu la r  value cf 
b. Graph S .  3  showed the g en er a lity  of th is  statem ent, 
and d isc lo se d  a lso  that B(b) i s  a n on -lin ear function  
o f b in  g en er a l, but tends towards l in e a r ity  for large  
va lu es o f  b , and, independently, for large values of 
a^. I t  would seem that i f  only one curve on >5.3 
i s  known, and i t s  a sso c ia ted  a^ v a lu e , a l l  other curves 
for  O <xx< oo can be drawn, and a l l  such curves l i e  in
/ O <e>.
the s tr ip  between f  = 0 and f  = 2.5M c/s, or, in  
terms o f b , between b =  qQ  and b = 0.2^ 9 . For a l l  
b le s s  than the la t t e r  f ig u r e , T = 0 . For b = dO 
T has a f in i t e  v a lu e , which in creases as a , and i s  
only in f in i t e  when a i s  in f in i t e .  The <^fects o f  
frequency tra n sien ts  are le s s  n o tic ea b le  at low 
frequenci es than at h ig h , and at low a2 va lu es than 
at h igh. In S* 3 , for a2 = 0*5> at 100 K c/s. the 
tra n sien t duration i s  1 1 .6 /c s e c s , or about 1 cy c le  
o f  the o s c i l la t o r  waveform. At 1 Mc/b. the 
tra n sien t duration i s  2 .ify ^ secs ., or approximately 
two c y c le s  of the f in a l  frequency o f 870  K c/s.
For frequencies in  the audio range, u n less a2 i s  very 
la r g e  indeed, the frequency tra n sien t w i l l  be over in  
l e s s  than one cy c le  and w il l  be un-noticed .
Although S f  has apparently no e f fe c t  on tran sien t  
duration , i t  does determine the maximum overshoot.
From the primary graphs i t  was found that the r a tio  
e  * S F /f  in  conjunction  with the f in a l  s tea d y -s ta te  
frequency f^ , determ ines the overshoot. I f  f^ i s  the 
minimum frequency a tta in ed , the overshoot i s  defined
aS S  = f t  ~ f I  ,
and the percentage overshoot becomes,
1 & 0/e = j '  v  , o 0/tr
From the primary graphs S was found to  be
S  = e . f , .
-'07.
and th erefo re ,
k  '  e  * /OO Xr 
The minimum frequency a tta in ed  then becomes,
f z  * / / ( ' *  o .
and sin ce  the p o s it iv e  overshoot above f  was always
le s s  than 10^ the frequency range covered i s ,
appr oxim ately ,
f  - fx .  * f  -  f ’i a -
- i  -t Sf ,
Thus, in  group ( l )  t e s t s ,  graph ^ S  i s  a c tu a lly  a 
p lo tc f  e to duration , sin ce  eqch curve i s  drawn for a 
constant va lu e  of f .  Although e in creases with 
duration , the same remarks apply to e as to SF  •  
S im ila r ly , i s  a p lo t of e to a d iffe r e n t  sc a le
aga in st frequency, and thus although e in creases with  
frequency, s in ce  T i s  in v erse ly  proportional to some 
fun ction  of frequency, the greater  i n i t i a l  frequency 
swings are more rap id ly  damped out. But from S.  3  
when f  = 2.5 Mc/s there i s  apparently no tr a n s ie n t ,  
and th erefore the overshoot s must disappear at that 
value of f ,  i . e .  f^ co in c id es with f-^. The above 
expressions are th erefore only true over the range of 
frequency used in  the t e s t s ,  s in ce  must be a function  
o f frequency. The behaviour o f 4? near the c r i t ic a l  
frequency could not be in v estig a ted  because of the 
c ir c u it  l im ita tio n s  described  in  Chapter A ,PP*7/ •
I t  i s  reasonable to expect that w i l l  be a function  
not simply of the frequency f ,  but of the r a t io
D u r a t i o n  - ^ c l s .
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ic a l  > or ^ c r i t i c a l  such that the
magnitude o f  S i s  approximately ef^ over the range 
in v estig a ted  experim entally , but f a l l in g  rap id ly  to 
zero as f  approaches the c r i t i c a l  value# Merely as a 
dem onstration of the type o f  fun ction  required , i f  f
where K i s  a p o s it iv e  con stan t. Thus i f  K = .0 1 , 
at f  = 1,500 K c/s, the exponential power i s  10, and 
i s  only 1 /22 ,000  l e s s  than efp . Some fu n ction  such 
as t h is ,  then, i s  envisaged for 6’ , but in  th is  case  
far f  l e s s  than h a lf  fc r it*  the value 3  = ef^ i s
found to be a very c lo se  approximation.
Since the primary graphs in  groups ( l )  and (2) are 
o s c il la to r y  in  ch a ra cter , a mean lin e  may be drawn on 
each graph. This l in e  corresponds to the average
The tra n s ien t duration fo r  the average frequency is  
considerably  shorter than obtained p rev io u sly , the 
segmental frequency la t t e r ly  sw inging equally  above 
and below the f in a l  frequency. The curves re la tin g  to  
average frequency are shown in  graphs S» $ ho S . / o t 
Comparing 5*.  ^ with 6 ~ / the average frequency duration  
i s  a lso  found to be proportional to (a  ^ but the con-
and f ( c r i t i c a l  are expressed in  K c /s .,  thenone 
p o ss ib le  function  i s ,
S
DURtT/aii-jM'S.
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s ta n ts  of p roportionali1y  are much sm aller than for 
corresponding curves in  S. I . In 6'9* the average 
frequency duration curves for constant a2 a l l  cut the 
frequency a x is  at f  = 1*55 Mc/s. However, i f  th is  
point was taken as 1*25 Mc/s which l i e s  w ithin  the 
l im it s  of experim ental and graphing erro rs , the average 
frequency would have no tra n sien t for a modulating 
(eq u iva len t) frequency o f le s s  than tw ice the carrier  
frequency. I f  th is  i s  tru e, then any type of 
frequency d iscrim inator would show no tra n sien t due to 
frequency for an equivalent modulating frequency equal 
to  or l e s s  than tw ice the C arrier. Over a f a ir ly  
wide range o f  T, for any given a2 , T is  approximately 
l in e a r ly  proportional to frequency, the approximation
pbecoming more accurate with in creasin g  a and T.
Graphs S , 9  and &• 3  J o in tly  show an important 
point regarding the overshoot. The average frequency 
has no tran sien t for f  greater than approximately 
1.25 Mc/s, but the tra n sien t in  segm ental frequency  
continues u n t i l  f  = 2 .5  Mc/s. This im p lies that the 
segmental frequency overshoots i t s  new value (f^) 
to g iv e  an equal area, p o s it iv e  and n egative  about 
for a l l  freq u en cies between I . 25  Mc/s and 2*5 Mc/s.
For freq u en cies below 1.25 Mc/s, the area under the 
n egative overshoot i s  greater than that under the 
p o s it iv e  overshoot and the average frequency has some
F r £ G l u e n c y -  M c/ s .  : i  P - 1 1 1
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t r a n s ie n t  <> T h is  i s  b orn e out by th e  prim ary g r a p h s ,  
w here th e  a r e a  -under th e  p o s i t i v e  o v e r s h o o ts  g r a d u a lly  
in c r e a s e s  w ith  fr e q u e n c y ;  t h i s  g i v e s  same j u s t i f i c a t i o n  
f o r  th e  c o n c lu s io n s  drawn from e x t r a p o la t io n .
T h is  c o m p le te s  th e  c o n c lu s io n s  drawn from  t e s t  
grou p s ( l )  and ( 2 ) .  T h ese  two grou p s appear to  a g re e
p
a t  common a^ and f  v a lu e s  on b oth  th e  d u r a t io n  o f  th e  
t r a n s ie n t  and th e  o v e r s h o o t .  For o th e r  v a lu e s  o f  a 2 
and f  t e s t  g ro u p s  ( 3 ) and ( 4.) a re  u s e d , s in c e  in  t h e s e  
g ro u p s b o th  a 2 and f  are  v a r ie d  s im u lta n e o u s ly .  I f  
g r a p h s  S. it and 51 10 are  c o r r e c t  i t  sh o u ld  b e  p o s s i b l e  
to  p r e d ic t  th e  r e s u l t s  o f  grou p s (3 ) and ( 4 ) .  C o n sid er  
group ( 3 ) t e s t s ,  com mencing w ith  th e  r a t i o  C/CQ = 0 .7 5 *  
H ere, t h e o r e t i c a l l y ,  C = 2 6 6 . 25^  F . and LQ = 2 0 0 /tH .  
th r o u g h o u t . T hus, a 2 = l / 0 * 7 5 # The p r a c t i c a l  
m easurem ent o f  C gave C = 268y>F. and h en ce  th e  a c tu a l  
v a lu e  o f  a 2 was 1 /0 * 7 5 5  = 1»?25» The i n i t i a l  fr e q u e n c y  
sh o u ld  b e f  = 690  K c /s .  T h e r e fo r e , from  grap h  S.it 
th e  d u r a t io n  o f  th e  fr eq u e n cy  t r a n s ie n t  sh o u ld  be 6/ f s e c .  
The m easured v a lu e  i s  5*5/*8 e c * w hich i s  8 . 5^ lo w . The 
i n i t i a l  fr e q u e n c y  a s  m easured  was J10 K c /s .  and th e r e fo r e  
th e  t r a n s ie n t  sh o u ld  b e v e r y  s l i g h t l y  s h o r te r  than  th a t  
e x p e c te d . The m easured f i n a l  fr e q u e n c y  i s  5^9 K c /s .  
and i s  141 K c / s . j g i v i n g  e = 0 . 1 9 ; - th e r e fo r e  f 2 by  
c a l c u l a t i o n  s h o u ld  b e  4^0 K c /s .  The m easured v a lu e  o f  
f 2 was 440  K c /s .  The p r e d ic t e d  and m easured  v a lu e s  o f
i i /"Ichore-', ore a -- o/G.
o n A1. uR. U n Prodic tc d i CR/C*. ►_'.■red It r o r .
o T /ta . f^Ec/S i^ S o f 0Kc/s T
0,75 6 o0 ioO 5.5 360 -3 .5 -4 .4
0.375 6.0 435 6.3 415 +4.5 -5
1.0 6.0 >13 6 .4 390 +6.0 -3®5
1.125 6.0 396 6.5 405 +80 2 +2
1.25 6.0 0 r> 0 J u 5.5 369 -8 .5 -3 .4
1.375 6.0 372 5.5 349 -3 .5 -6  2— O» A.
II .
p l
Here, G is constant and therefore a'J ~ — 
* o L
R atio  7
0 ■‘j P red ic ted Reacured 6 E rror2 0= a T^u.sec. f  0Kc/ s*8 T/£S. f 0Kc/s<- T
0
J*2
0 .5 2.8 653 3.3 600 +18 -3
0.625 3.75 562 4 .1 528 + 9 -6
0.75 4 .6 .496 / rV / j .  0 O 515 + 5 +4
0.875 5.3 450 5.0 480 -  6 +6.5
1.0 6.0 413 5.7 394 -  5 -4 -5
1.125 6.75 334 7.3 376 + 8 -2
1,25 7 .6 358 7.4 380 -  3 +6.2
1.375 8.3 337 7.7 315 -7 -6 .5
/ / / .
T and f 2 a r e  t a b u la t e d  in  T a b le s  I  and I I  fo r  t e s t  
g ro u p s ( 5 ) and ( 4.) r e s p e c t i v e l y ,  and show t h a t  th e  
a c c u r a c y  o f  p r e d ic t io n  i s  w ith in  1 10%, w h ich  i s  
r e a s o n a b le  c o n s id e r in g  the number o f  s o u r c e s  o f  e r r o r  
in v o lv e d  in  t h i s  m ethod ( s e e  C hapter 5 . 5 ) .  Prom th e  
T a b le s  i t  w ould appear th a t  grap h  S. (+. i s  c o r r e c t ,  and 
t h a t  th e  v a r io u s  r e l a t i o n s h i p s  o b ta in e d  from g ro u p s  ( l )  
and ( 2 ) a r e  e s s e n t i a l l y  t r u e .
Graph S , If can now be a p p lie d  t o  a t y p i c a l  d e s ig n  
f o r  an o s c i l a t o r  fo r  a t e le m e t r ic  sy ste m . The 
s p e c i f i c a t i o n  ch o sen  i s
To tr a n s m it  n in e  d a ta -c a r r y in g  c h a n n e ls  and one 
s y n c h r o n is in g  ch a n n e l in  a se q u e n c e -sa m p le r  P.M . sy s te m ,  
th e  tim e l o s t  p er  ch a n n e l t o  be l e s s  than  ^ s e c s .  The 
u n m od u lated  fr e q u e n c y  o f  th e  d r iv e  o s c i l l a t o r  t o  be 500 
K c / s . ,  and th e  maximum a l l o t t e d  d a ta  d e v ia t io n  -2 5  K c /s .  
The s y n c , ch a n n e l d e v ia t io n  to  b e  -3 5 K c /s .
T hese f i g u r e s  a re  assum ed to  have b een  f ix e d  by  
c o n s id e r a t i o n ^ r r e l e v a n t  h e r e ,  and an e l e c t r o n i c  ty p e  
o f  com m utator id  a ls o  assum ed su c h  th a t  th e  ch a n n el to  
c h a n n e l s w itc h in g  i s  o f  a p p r o x im a te ly  s t e p  fu n c t io n  form . 
The o s c i l l a t o r  in  t h i s  sy stem  w i l l  be f r e e  ru n n in g , and, 
a s  i s  u s u a l  in  p r a c t i c e ,  may r e tu r n  to  i t s  unm odulated  
fr e q u e n c y  b etw een  c h a n n e ls .
Prom Graph S. f a t  $00 K c /s .  a fr e q u e n c y  t r a n s ie n t  
o f  may b e o b ta in e d  i f  i s  dropped t o  O . 2 5 .  At
500 K c /s .  the  v a lu e  of b i s
y  .  r ! Z fsroo f
W  R 0 -- t i l l  = > » o
b  *  C o  f . 2 .  *  3  S S
2 *4.0
Jj- 2. G> f> F-
Therefore, R = a2 R , g iv in g  the required L and 0 a s ,
L. - /o '2&  « 2  - / 2. Oyu
c  -  u  s  (. / -  ? ^ Z p F .
The maximum frequency swing i s  ~55Kc/s. Therefore, 
the minimum frequency f j  = 465 K c/s. and
< r c  •=. c  c  ^  - 0
r  • /  M- S p
2I t  should be noted that i f  a were made sm aller to 
reduce the tr a n s ie n t , C and SC would be much increased  
SC in  p a rticu la r  becoming too large to  be p r a c t ic a lly
pob ta in ab le. Thus, the value of a cannot be decreased  
without l im it .  To obtain the actu a l value o f in jected  
capacitance requ ired , the o r ig in a l capacitance o f 952/>5l* 
i s  composed o f 65pp. input capacitance from the reactor  
v a lv e  actin g  as a cathode fo llo w er , and 8QjpF» f ix e d  
capacitance. The new capacitance to  produce the  
required  frequency swing i s  (952 + 148)^?F, or 1,100/>P* 
Therefore the in je c ted  capacitance must be (1,100 -  88 7 )
If 3
= 21^pP., and th is  must be the value of the input 
capacitance o f  the reactor when the cathode fo llow er  
va lve i s  cu t-o ff*  The quickest method o f ca lcu la tin g  
the required grid-cathode cap acitor for the reactor  
i s  by t r i a l  and error. Prom a simple c a lc u la t io n , a 
value o f Cgk o f 250pF produces an input capacitance  
of 200pF. and input r e s is ta n c e  o f approximately IfK.Ohms. 
The ad d ition a l l^pP. required could be obtained by t r ia l  
and error methods of p u ttin g  small f ix e d  cap acitors in  
p a r a lle l  w ith  the Cgk u n t il  the correct frequency 
swing i s  obtained; v a r ia b le  trimmers are not used in  
general due to  th e ir  comparative f r a i l t y  at the high  
a cc e le r a tio n s  obtained with m is s i le s .  F in a lly , the  
overshoot S  w i l l  be
S ‘ e f ,  -
g iv in g  the minimum frequency a tta in ed , 
f 2 = (21.65 -  32)K c/s.
 ^ Kc/s*
Thus, from the point o f view of frequency tra n sien ts  the 
o s c i l la t o r  i s  f u l ly  designed . Using the c ir c u it  
parameters as found above in  the pulsed c ir c u it  on which 
the previous&ork had been carried  out gave the follow ing  
r e s u lts
Transient duration = 3*5Asec# approximately, 
frequency swing = if^Kc/s. 
and maximum overshoot = Jd K c/s.
"4F-.
These f ig u r es  show that the tran sien t i s  o f the correct 
order, but due to the com paratively sm all frequency swing 
the fin d in g  of the end of the tra n sien t was d i f f i c u l t  and 
open to  error . The frequencyfewing was rather more than 
was expected, but th is  was a fea tu re  of a l l  the t e s t s ,  
and was due to  the e f f e c t  on the in jec ted  (low) 
r e s is ta n c e  and to the fa c t that the in jec ted  capacitance  
was a fun ction  o f frequency, the actu al capacitance  
in je c te d  at the lower frequency being rather more than 
the ca lcu la ted  v a lu e . The duration of the channel 
transm ission  may now be made as short a s , say , 2Qji/seoo 
with only the f i r s t  se c . rendered u se le s s  and removed 
in  the rece iv er  by g a tin g . Allowing a 10/<sec. in te r ­
channel period for the o s c i l la t o r  to s l id e  back to i t s  
unmodulated frequency, g iv e s  a t o t a l  time per channel 
o f  JQ^sec. T herefore, each channel i s  sampled fo r  
l ^ s e c .  at a r e p e t it io n  speed of 3*3 K c/s. Even 
doubling the sampling time s t i l l  produces a very good 
system with a r e p e t it io n  speed of 2 K c/s. i . e . ,  the 
system w i l l  record data f lu c tu a tin g  at speeds up to 1 Kc/s 
N a tu ra lly , the b u ild in g  o f such a system  would hinge on 
the development o f the e le c tr o n ic  commutator, but th is  i s  
not d i f f i c u l t ,  and su cc ess fu l models have already been 
used .
In the fo re-g o in g  design  i t  should be noted that 
the unmodulated ca r r ie r  frequency i s  correct but the
frequency swing i s  much greater than would normally 
be used in  p r a c t ic e . The valu es used were so chosen 
to allow  an experim ental check to be carried  out on the 
e x is t in g  apparatus.
D iscu ssion  of R esu lts .
A c r it ic is m  o f  the equipment and method i s  relevant 
f i r s t  o f a l l .
The equipment used was per se  as accurate as 
obtainable w ith in  the scope o f the a v a ila b le  laboratory  
measuring instrum ents. To summarise part o f  the 
content of chapter A :-
Measurements of R, L, C, were taken on a standard  
bridge and/or Q-mdter manufactured by Marconi Instrum ents, 
and the c o i l s  used in  the t e s t  o s c i l la t o r  were the  
standard Q-meter c o i l s  supplied  by the manufacturers.
The c a lib r a tio n  of the h igh-speed  tim e-base was as accurate 
as could be obtained , although any error in  t h is  would 
be constant and would merely r e su lt  in  a l l  the frequency 
sc a le s  being changed. The voltm eter used for  
observing the ord in ates was ca lib ra ted  on a l l  i t s  
required ranges. The various delay l in e s ,  although  
not accu rate ly  c a lib r a te d , had th e ir  elem ents measured, 
and the delay o f any sec tio n  of a given l in e  was compared 
with th a t of the other se c t io n s  o f  the same l in e ;  where 
p o s s ib le  the l in e s  were cross-checked  one against another, 
i . e .  10 se c tio n s  o f the nominal O .l^ se c ./s e c t io n  l in e
Should g iv e  the same delay as one sec tio n  of the l^ s e c * /  
se c tio n  delay lin e*  A ll H.T. and heater vo lta g es were 
m onitored, but considerable d i f f ic u l t y  was experienced  
due to main vo ltage  drops o f lip to 20%. -  in  p articu lar  
th is  drop a ffe c ted  the s e n s i t iv i ty  of the Cossor 
O sc illo sco p e , and hence the equ ivalent speed of the 
time base (v iz .  chapter A> PP 6 /. ) O vera ll, the 
equipment was considered s a t is fa c to r y .
The method of measurement o f  o rd in a tes , and of 
computation o f segmental frequency, i s ,  however, open 
to  la rg e  errors* As sta ted  p rev io u sly , the measurement 
o f ord in ates in vo lves the point of in te r se c t io n  of  
three l in e s  -  the waveform being examined, the cursor 
l in e s  (v e r t ic a l)  and the second beam of the o sc illo sc o p e  
which was used to measure the ordinate o f  the waveform 
at i t s  in te r se c t io n  w ith the cursor l in e s .  A number 
o f readings taken at each of severa l ord inates showed 
that an accuracy b e tte r  than * 2%% could not be r e l ie d  
upon. Thus, s in ce  the angles 9{ and 9% are computed from 
arc s in e  o f ord inate/am plitude, the worst p o ss ib le  error 
in  the d iffe r en c e  ) i s  found to be approximately
for  the order of d iffer en ce s  used ( &  1 8 °) . A
much more fundamental error i s  concerned with the 
amplitude A, which in  a l l  cases decreases by some 50%*
This could  be measured w ith  much higher accuracy than the 
o rd in a tes , being lim ite d  rather by the accuracy o f reading
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the voltm eter than by v isu a l error on the o sc illo sc o p e .
The peak value o f  such a waveform, however, i s  not 
n e c e ssa r ily  the true len g th  of the generating vec to r . 
Considering the exp on en tia lly  degenerating waveform,
y  '  A  ,  £  *  ^  S  t  '7 to  t .
D iffe re n tia tin g  with respect to t  and equating to  zero 
for  maxima shows that th ese occur when,
~  r  C o  h  LO t .
CO
Thus, i f  ol s oo^ maxima occur when the generating vector  
is  only 2f5° awgy from the base l in e :  i f  * O } there
i s  no degeneration and the maxima occur when the vector  
i s  90° from the b a se - lin e . This shows thut although  
the peak v o l t ^ e ,  A, was measured here, i t  was not the 
true length  of the generating vector but the p ro jec tio n , 
on the v e r t ic a l  a x is ,  of the true len gth . This error 
in crea ses  as o l  in crea ses and c o  d ecreases, but in  the  
t e s t s  herein  i t  never exceeded about J%, for  the 
v a lu es of ct and uf used. The p o ss ib le  o v e r -a ll  error 
would th erefore  appear to  be o f  the order o f  1 15$$ 
but i t  has been seen that the experim ental r e su lts  were 
accurate to w ith in  t  10$ and the above estim ate i s  
th erefore  p e ss im is tic  with regard to the con d itions  
ob tain in g  in  p r a c t ic e .
The method is  cumbersome, however, great labour 
being required in  taking the i n i t i a l  readings, computation, 
and p lo tt in g :  s in g le  p o in ts  are not e a s ily  checked, and i t
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was found that very considerab le e y e -s tr a in  and fa tig u e  
were produced by the method o f obtaining th e  ord in ates. 
The segmental method in  i t s  present form is  th erefore  
u nsu itab le fo r  an in v e s t ig a t io n  o f wide scope or 
high accuracy; i t  is  a lso  u nsu itab le for use w ith  sm all 
percentage v a r ia tio n s  in  frequency. It  i s ,  hoy/ever, 
to the b est of b e l i e f ,  the only method in ex isten ce  
whereby a waveform may be analysed experim entally in  
terms o f instantaneous frequency, thereby a llow ing the 
ex is te n c e  of frequency tra n sien ts  to be shown.
I t  is  r e c a lle d  th a t the methods se t  out in  Chapter 
3 in vo lv in g  the measurement of the angle of the tangent 
to a point on a surve were d ism issed  p a rtly  because o f  
the d i f f i c u l t y  in  obtain ing th is  angle accu ra te ly . An
3
o p tica l method of obtaining th is  angle has been described  
u t i l i s in g  a narrow base trian gu lar prism with a sm all 
apex angle op p osite  the base. This o p tic a l method would 
be d i f f i c u l t  to apply d ir e c t ly  to an o sc illo sc o p e  screen , 
and would s t i l l  requ ire the measurement of the ordinate  
at the tang oat p o in t , fo r ,
at any ord inate y for any waveform whatever. The curve 
of dy/d t would have to  be p lo tte d  against time to  obtain  
y , and the o v er a ll accuracy would not be h igh . I t  i s  
seen that it  i s  p o ss ib le  for ^ ^ s t .  to b® eith er  rea l or 
complex, whereas the segment a 1 frequency is  always re a l;
//<?.
whether or not u>tn$£ would assume imaginary values remains 
to  be proved. The o p t ic a l method, however, does 
provide another means o f attack  on the problem, which 
may fcrm the b a s is  of fu ture work on th is  eu b ject.
A second mare com plicated, but veiy much more 
accurate , method which could be used i s  based on an 
e lab oration  of the presen t segmental id ea . I t  was
lf-O
produced by McQueen for a rather d iffe r en t purpose, 
and was a d evice such th at the ordinate of a curve i s  
measured at any in stan t o f tim e; the only basic  
requirement is  a pu lsed  r e p e t it iv e  waveform. Therein, a 
narrow strobe samples r e p e t i t iv e ly  the ord inates o f  
p o in ts  on the waveform to  be analysed , but although the 
tim e-sep aration  of each su ccessive  strobe point i s ,  say 
0 . 01^  s e c . ,  the strob es occur at a r e la t iv e ly  slow  
r e p e t it io n  frequency, which can be as low as a few 
hundred p u lses  per second. Thus the high frequency 
waveform i s ,  in  e f f e c t ,  drawn in  r e p lic a  on a very slow 
tim e-b ase. I f  the r e p e t it io n  frequency can be made so
low , the e le c t r ic a l  output could e a s ily  be made to actuate  
a m echaiical d ev ice , such that the waveform couH be 
m echanically d if fe r e n t ia te d  tw ice . A simple pen tracer  
would g ive  the actual waveform, thus allow ing the  
computing o f to  a very high degree of accuracy.
Hue to i t s  com plexity , th is  method i s  hardly su ita b le  
fo r  ind iv idual e f f o r t ,  but is  fe a s ib le  i f ,  at any tim e,
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the problem was considered to warrant such a tte n tio n .
The r e s u lts  may be in terp reted  p h y s ica lly  as 
fo llo w s .
Prom group ( l )  t e s t s ,  i . e .  constant i n i t i a l  frequency
and v a ria b le  L/C r a t io  the duration o f the tran sien t  
apparently in creases as the average i n i t i a l  energy
content o f the o s c i l la t o r  tuned c ir c u it  d ecreases. But
the lower the i n i t i a l  energy content (high L/C r a tio )
the greater was the change in  energy. I t  has been found,
however, that the duration does not depend on the
frequency sw ing, which, r e la te d  to the change in  energy,
was in  a l l  cases com paratively la rg e . The frequency  
change had to  be la r g e , s in ce  the o v er a ll accuracy
was low, and thus no r e s u lt s  could be obtained with
frequency changes sm all r e la t iv e  to the o r ig in a l
frequency. I t  can only be concluded th a t ,
provided the change in  energy i s  great enough, the  
duration of the r e su lt in g  frequency tra n sien t
depends only on the average i n i t i a l  content o f  
the resonant c ir c u it .  The phase of the sw itching
pulse w ith respect to the r . f .  c y c le , w i l l  almost 
c e r ta in ly  be of im portance, at le a s t  in  the case of 
the overshoot, but i f  the above conclusion  i s  true then 
i t  w il l  have no e f fe c t  on tra n sien t duration . The 
accurate measurement of th is  phase i s  d i f f i c u l t  in  
p r a c t ic a l a p p lica tio n , s in ce  obtainable p u lses are 
in e v ita b ly  round-cornered ramp fun ction s at leading  
and t r a i l in g  edges. A co n tro lled  ra te  o f r is e  o f  the
switch p u lse  would allow in v e s t ig a t io n  of the deduction  
of zero duration frequency transien t for the ratio*  
(O riginal Frequency o f  o s c i l l a t i  on/Equivalent modulating 
frequency) equal t o ,  or greater than, -unity (or two, 
i f  using average frequency).
F in a lly , i t  must be emphasized that a l l  the above work 
and conclusions re fe r  to the particu lar o s c il la to r  and 
reactor stage considered here, and taken as one u n it;  
nowhere is  it  to  be assumed that th ese  fin d in gs apply 
to a resonant c ir c u it  in  which the capacitance i s  
in stan tan eou sly  varied . The equivalent input c ir c u it  
to  the reactor stage  u sed ^ is, during the leading edge 
o f  the sw itch in g  p u lse , dependent on the ia /v g  
c h a r a c te r is t ic s  o f  the two v a lv e s , where the n on-lin ear  
portions o f  th ese  c h a r a c te r is t ic s  are all-im por tarxt.
Thus, a n a ly sis  is  much too complex to  be u s e fu l , s in c e ,  
in  gen era l, frequency modulation is  brought about by a 
s ig n a l applied  to the input of a reactor v a lv e , and it  
i s  the r e su ltin g  frequency changes at the o s c i l la to r  
output that are im portant, fu r th e r , in  an o s c il la to r  
employing coupled c i r c u it s  the degree of coupling would 
c e r ta in ly  enter in to  the transien t d ir a t io n , and hence 
th ese r e s u lt s  apply only to  the general type of 
o s c i l la to r  used h ere in , which has been used in  p ra ctica l 
rad io-telem etry  in  m odified free-running form.
CHAPTER 6 .
GENERAL CONCLUSIONS.
With no th e o r e tic a l v e r if ic a t io n  a v a ila b le , 
i t  was assumed th at a frequency-modulated o s c i l la to r  
was incapable of instantaneous v a r ia tio n  o f frequency. 
An experimental in v e s t ig a t io n  o f th is  assumption was 
carried  out for  an approximate step  fun ction  
modulating waveform; i f  the assumption was tru e , 
the frequency was expected to  pass through a 
tra n sien t s ta te  before reaching the new s tea d y -s ta te  
v a lu e . The requirement was therefore to d etect  
and measure a rap id ly  f lu c tu a tin g  frequency.
Most methods of frequency measurement were found 
to be in h eren tly  u n su ita b le . Methods in vo lv in g  the 
fo llow in g  of the t e s t  frequency by a subsid iary tone 
were discarded on the grounds of physica l in c a p a b ility  
o f  varying the la t t e r  at the required speed; a lso , 
the su b sid iary  tone i t s e l f  may have a tran sien t f r e ­
quency response. Considering an abrupt frequency 
t
change as the instantaneous c e ssa tio n  o f one frequency 
and a p p lica tio n  of another, an operational a n a ly sis  
o f  a p a r a lle l  resonant c ir c u it  showed the in c lu sio n  
of a tran sien t term in  the resu lta n t output voltage  
fu n ctio n , which m odified  both the amplitude and phase 
o f the s te a d y -s ta te  so lu t io n . Any frequency
s e n s it iv e  c i r c u i t ,  which was a lso  s e n s it iv e  to
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amplitude and/or phase, u t i l i s in g  such a resonant 
c ir c u it  was th erefore  u n su ita b le . Two such c ir c u it s  
are the F o ster-S ee ley  D iscrim inator and the Ratio  
D etector , the former being both amplitude and phase 
s e n s i t iv e ,  the la t t e r  only phase s e n s i t iv e .  Both 
c ir c u it s  were re jec ted  prim arily  on the above grounds, 
the necessary diode load  tim e-constants forming a 
separate ob jection  to  th e ir  use. Of the bridge 
c ir c u it s  considered , the P a ra lle l-T  feed-back am plifier  
was explored as the most u se fu l of a l l ;  the P a ra lle l-T  
c ir c u it  contains only r e s is ta n c e  and cap acitan ce, and 
i t s  input and output c ir c u it s  have a common term inal.
The s te a d y -s ta te  response of th is  c ir c u it  was sim ilar  
to  that of a resonant c ir c u it ;  to  u t i l i s e  such a 
response to  measure a frequency v a r ia tio n  involved  the 
use of the slop in g  s id e  of the response curve. Under 
th is  co n d itio n , the s e n s i t iv i t y  of the P a ra lle l-T  a m p lifier  
in  terms of output v o lta g e  change per Kc/s change in  
input frequency, was found to  be low . The g a in , and 
hence s e n s i t iv i t y ,  of th is  am p lifier  could not be 
increased  without l im it ,  s in ce  the fr e e  transm ission  
between output and input o f  a l l  frequencies outwith a 
narrow band made s t a b i l is a t io n  d i f f i c u l t .  This is  
p a r tic u la r ly  tru e with a rap id ly  f lu c tu a tin g  input.
An attempt to measure the response of the above 
mentioned c ir c u i t s  to an abrupt change in  frequency 
f a i l e d ,  and only a general conclusion  could  be drawn.
/J2*.
The P a ra lle l-T  am plifier gave a much more rapid  
response than the D iscrim inator, but the s e n s i t iv i t y  
of the la t t e r  was many tim es greater than that o f  
the former. This t e s t  fa i le d  due to the im p o ss ib ility  
of synchronisation  between two lo c a l -o s c i l la to r  
freq u en cies and the r e p e t it io n  rate at v/hich they 
were a lte r n a te ly  sw itched to  the c ir c u it  under t e s t .
This demonstrated most c le a r ly  the need for absolute  
synchronism in the system and a p u lse co n tro lled  
system was developed forthw ith .
Since any frequency s e n s it iv e  c ir c u it  p o ssesses  
some e le c t r ic a l  in e r t ia ,  a more d irect method of 
frequency measurement was sought using o s c il lo s c o p ic  
techn iques; in  g en era l, these permit the accurate 
determ ination of the time in terv a l between any two 
p o in ts  on a waveform. Time measuring techniques 
from the art o f  radar were investigated^and,although  
found in ap p licab le  in them selves, led  d ir e c t ly  to the 
evo lu tion  of the segmental method of frequency a n a ly s is . 
Therein, from any segment of the waveform a p articu lar  
value of frequency may be found, c a lle d  the segmental 
frequency, which e x is t s  only for the p a rticu la r  segment 
under exam ination; the segmental frequency i s  the 
average value o f the true instantaneous frequency 
over the segment. Therefore the segmental frequency 
may be found from the average angular v e lo c ity  of the
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generating v e c to r , over the segment* I t  was 
demonstrated th a t th is  may be found from a v a r ie ty  
o f measurements upon the segment, a l l  the methods, 
however, requ iring some approximation or assumption.
The p a rticu la r  method used was considered the most 
accu rate , for  no approximation was required , but the 
assumption was made that the amplitude of the 
generating vector could  be found and that i t  varied  
smoothly throughout the tra n sien t period; th is  
la t t e r  assumption is  true in  gen era l, the amplitude 
decaying, say , as a simple or compound exponential 
fun ction  o f  tim e. Further, the only measurements 
required to be made on the segment, other than i t s  
time duration (which was e s s e n t ia l  to a l l  methods) 
were the va lu es o f the ord inates at the ex trem itie s  
of the segment. A ll  measurements were taken from 
the screen of an o s c il lo s c o p e , which lim ited  the  
accuracy to a maximum of t  A lso , the peak
amplitude of a tim e-degenerative waveform as measured 
on an o sc illo sc o p e  screen  i s  not n e c e ssa r ily  the true  
length  o f the generating v ec to r . Therefore, the 
o v er a ll accuracy o f the method was considered to be 
w ith in  t  10%• S u itab le  equipment was designed for the
is o la t io n  of sh o r t, su c c e ss iv e , segments of the wave­
form to be analysed , the segments being d isp layed on 
an o sc illo sc o p e  u t i l i s in g  a double-beam cathode-ray  
tube for measurement purpose.
For the purpose of th is  in v e s t ig a t io n , three
dim ensionless v a r ia b les  were defined . For a constant
i n i t i a l  (unmodulated) frequency f Q, arb itrary  values
o f tuning cap acitan ce, CL, and inductance, L were
Lochosen, g iv in g  the r a t io  R0 = /C ; a l l  other 
va lu es o f th is  r a t io ,  denoted by R, were referred  to 
R0 by,
« s * a * R ° > °  * = a l  ^
Secondly, for constant (a) and v a r ia b le  frequency f , 
a l l  va lu es o f  f  were referred  to  f Q by the numeric b :-
  ----------- L ^ = r - = = z  -  I S  O i ~ b £ X > .
2 n f b T o ,L 0). b Co b> >
F in a lly , the numeric £ z S f / ’f ’ was d efin ed , where cTf 
was the d ifferen ce  between the i n i t i a l  stea d y -sta te  
frequency, f ,  and the f in a l  s te a d y -s ta te  frequency,
f^ . A nalysis of the r e s u lts  was in  terms of th ese
2p o s it iv e  num erics, a , b , and e .
For step fun ction  m odulation, of r ise -tim e  
approximately one ten th  of the unmodulated waveform 
p eriod , the frequency of the o s c i l la to r  was found 
to pass through an o s c i l la to r y  tra n sien t condition*
For const ant i n i t i a l  frequency, the duration , T, of the
frequency tra n sien t was found to be a lin ea r  function
o
o f a: for constant (a) , T was found to be proportional 
to  some fu n ction  o f  b. From these la t t e r  r e s u lt s ,  
by ex tra p o la tio n , i t  appeared that no tra n sien t in
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segmental frequency would be observed, for any value  
2
o f (a) , for an equ ivalen t modulating frequency l e s s  
than the unmodulated frequency: in  terms of average 
frequency, no tra n sien t would be observed for a 
m odulating frequency l e s s  than tw ice the unmodulated 
frequency# These fin d in g s could not be v e r if ie d  
experim entally  due to lim ita tio n s  in  the t e s t  
equipment, but i f  they are correct they g iv e  the  
upper lim it  of the equivalent modulating frequency 
in  any form of pulse-m odulated F-M system , v i z . ,  
frequency s h i f t  telegraphy, F-M te le v is io n , and, o f  
course, F-M telem etry# For the range of modulating 
frequency equal to , or up to tw ice , the unmodulated 
frequency, although the segmental frequency should be 
o s c i l la to r y ,  i t s  average value should be constant; 
th is  was borne out by the trend o f  the primary graphs 
over the experim ental range, thereby g iv in g  some 
j u s t i f ic a t io n  fo r  the con clusions drawn from the extra­
p o lations#  For decreasing frequency the tran sien t  
duration appeared bounded, the lim itin g  value o f T 
depending on (a )2# For audio frequencies the transient 
would be completed in  l e s s  than one cy c le  of the f in a l  
s te a d y -s ta te  frequency (fo r  step  fun ction  m odulation), 
and would pass unnoticed#
The dependence o f T upon (a )2 and b was most 
con ven ien tly  shown g ra p h ica lly , although an em pirical
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expression  o f good accuracy over the p ra c tic a l range 
of the v a r ia b le s  was a lso  derived. From the graphs, 
sev era l other independent t e s t  r e s u lt s  were pred icted  
and an o s c i l la t o r  was designed to  a given s p e c if ic a ­
t io n . The accuracy of p red ic tion  and design was 
found experim entally  to  be w ithin  110$. The 
r e s u lt s  o f independent t e s t  groups were a lso  found to 
cross-check  at common p o in ts  w ith in  the sta ted  accuracy*
The frequency swing, S f } had apparently no e f f e c t  
on the tra n sien t duration , but the numeric e 
determined the overshoot in  frequency; i f  f^ was the 
f in a l  s te a d y -s ta te  frequency, the minimum frequency 
a tta in ed  by the tra n sien t was g iven  by (1 -  e )f^ , 
over the experim ental range. I t  was deduced that 
th is  re la tio n sh ip  may not be applied  outwith the given  
range*
I t  i s  concluded, from p hysical con sid eration s o f  
the o s c i l la to r  c ir c u it  and modulation used , that 
provided the change in  the energy content o f the 
resonant c ir c u it  i s  great enough, the duration of the 
re su lt  ing frequency tra n sien t depends only on the 
average i n i t i a l  energy content of th is  c ir c u it .
The o b jec t of th is  experim ental in v estig a tio n  has 
thus been f u l f i l l e d .  The ex isten ce  of frequency 
tra n s ien ts  has been shown and th e ir  dependence on 
c ir c u it  parameters has been explored w ithin  the l im it s  
of the method used. The r e s u lt s  have been found to
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cross-check  on common p o in ts , and used to design an 
experim ental c ir c u it  whose actual performance agreed  
with that p red ic ted . Since the method was already  
so la b o rio u s, i t  was f e l t  that more d e ta ile d  
in v e s t ig a t io n  on one p articu lar  o sc il la to r -r e a c to r  
u n it ,  or general in v e s t ig a t io n  on a v a r ie ty  o f  
o s c il la to r -r e a c to r  c ir c u it s ,  would y ie ld  very l i t t l e  
p r o f ita b le  r e s u lt ,  and was not ju s t if ie d #
The immediate u sefu ln ess  of the r e s u lts  o f th is  woik 
i s  in  the art of ra d io -te lem etry , as has been shown.
In the fu tu re , they may be ap p licab le  to  any system  
o f F-M t e le v is io n ,  which i s  envisaged just now, 
or to any form of freq u en ey -sh ift telegraphy requiring  
larger frequency changes than are used now. In 
gen era l, the r e s u lts  are ap p licab le to any form of  
pulse-m odulated F-M system .
In con clu sion , th is  work i s  not presented with  
any degree o f f i n a l i t y , but rather as a primary 
in v e s t ig a t io n  in to  a phenomenon which can be of 
im portance, and which appears to  have had no a tten tion  
paid  to i t  p rev io u sly , p o ss ib ly  by reason of the 
unusual experimental and a n a ly tica l work that i s  
in vo lved .
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APPENDIX I .  The Transient Response of a P a r a lle l  
L,C,R, Network.
Consider a p a r a lle l  connection of R, L, C, 
fed  from a constant current source, e .g . a pentode 
v a lv e .
v / t ) .
The d if f e r e n t ia l  equation for the v o lta g e  v ( t )  i s
i (t) • ^  + -f-^ (t-0 + C-efe v(t)
Assuming v ( t )  i s  zero at time t  = o , the Laplace 
Transform o f the above i s
L ( p )  -  V M .  +  J .  ■ H M .  +  C  P  ■*■(/>).
________________ t _________________L r J  .  /  B  +  J -  ,«• ,  _ £ _ ________ I
&  L P  +  2 C * )  *  C c
. Up) p
C LP> + » +  ^ o x
where i(p )  and v(p) are j [  i ( t )  and jC v ( t )  r e sp e c t iv e ly ,
and i x i x.
*  s  2.  C P  *  e  *  Z c .  ~  X -
Now l e t  i ( t )  = jJT str t ( » t  + s ) .  VCtr).
. i(f> ) *
X . U ?  C 6 S  &  
-f uS* +
I .  p  z m  &
f>x + u)%.
IV.
I T !° **
'V‘IPJ = ~ > C 0 S & .  7---- --------------------------------------
c  [ ( p  * <*■)*'+ - W ]  jV>
[C p  *  * ) % +  * > f ] [ p %t *  *> *J  
=  Vt (p) -t v2 (p)
Hence the Bromwich In teg ra l becomes,
c+j&
^  " 2 n j  J  ^ L P ) - e p t U p .
/ f c J *  t- r t f J *
C~J°B J c .ja
* Z ,  +  x 2 .
Considering I and 1  ^ as contour in te g r a ls ,  they may 
be evaluated  by summing th e ir  resid u es at the p o les
o f and V2. These la t t e r  fu n ction s each y ie ld
four f i r s t  order p o les  occurring a t ,  
p  •' -  «  i  i  <+?o,
p  Z 2 : j
both Vj and V2 having p o les  at th ese  va lu es o f  p. 
Considering I^ a lo n e , two o f the resid u es w il l  be 
m u ltip lied  by the exponential
These two resid u es w i l l  form the tra n sien t term in  
the so lu tio n  o f  1  ^ due to the time degenerative
• eftfa cto r  c  • The other two resid ues o f I^ w il l  be
V.
m u ltip lied  by e  * " j  and w il l  form the steady sta te  
so lu t io n . The same reasoning a p p lies  ex a ctly  to  I 2.
The adm ittance o f the c ir c u it  to  a c is o id a l  
source i s ,
t j to? C.Y  -- —  + — —  
' R  j  » L
c r
{.C.R
Z. * ijf.
C +  ( K  +
}*>■ i fa. s <*V7~. e r e  J t 0+ j b \ b  * 2  <x<*
2 ,  J
C  CL
-  CO
CJ
c f C t f  + b*)
tvk e n c e .
fC<f* h%)  + J f(<? + b%)
CL
;  ‘ " ' ‘P JO ^ * bV ;
CO
l z t  = c f c * - x -t bV
W riting the resid u es of 1^ and I2 fo r  the stea d y -sta te
J**>bso lu tio n  g iv e s ,
f> * + j*>; f l ,  • —
JTc o s  S .
c  C* +j 2 i
CO E  s u n  8 /ti>&
« > . M V!
Jj . i  ^ c ° 6 ^  ai* 8  e JiU
c  £ L + j b  2 j  c ,  o ~  +  J  b  ~ 2 j
t> & -  ' u> • A  z  j  ^  . Z >  c o $  8 . _____________£
^  J J 2  C .  ( o c - j  & ) x  +  2 j
-  \u>t
-4-  ^  X  .SV/7 ^  €
c col- j ^ ^ uj^  ‘ a y
. Z<*>8 e'y cd e '^
C . A  -  j b  2 j  C. ' a. -  j  b  2- j
Hence, s in ce  the steady s ta te  so lu tio n  i s  the sum 
o f the r e s id u e s , #y\ A »x<.os 0  r b + ja- ejU . ja. - B e'J' 
f t  * # ,  * -~ .......... 7 T  +C. I Ax + b x 2 j a x + bx 2 j
.. v l s m  0  f a +  j  b e ' ^  cl-  j b  e ju^ )
C I ax + bx ' 2j '  a.x +/,* ‘ z j  J
*  x / z /  COS 0  I y  ~ — smut +■ f - —  r c o s v t jyc^ + f) J&>+bV J
+  I I z j s i n P /  ' -  ^  '■ ■ cesub  —  — 2 :------  s,»A>tl
l / c * v+i>y jo * * !? ) J
B X  !Z / c ^ s  ff j c  es (p s i o v t  + S/ /7  f t ' cos c j f J  
+ 1 j z !  3  W  s c o t  “*■ S M ( P  S i n & t I
2 / ^ / £ c e s  &. S/Pf ( u ? t  +  <P^ +  S fn  8 .  C
X lz.1 s (<*>t + 8 + (p(
VII
T his i s  the  ex p e cted  f i n a l  s te a d y  s t a t e  term.
The transient terms are b est manipulated sep a ra te ly ,
and hence d ea lin g  with Iq f i r s t ,  the relevant
resid u es are
/ . , * \ - bL •¥ Xcos 8  *0 6
^  J °J > “tf. 2 j „ e c
But,
C* + J + t***” c * l + Wl  -  •+ j  2  at use s .
^  -  j
^  / 5 o,
Q* + j  b s oix + -  c*?x + J 2  ot lo,
A X + b X a? +
a n d  \ z l ! -  **
c.o s (V s  k   _ ^
• / f c V A O  '  / ( f x + ^ )
*•*» ^  ■ - ? •  -  *
la r/yt
S m  ( p  c,   .  -------f  2 u > p  2 v x
S ( # + r )  ~ T ( f \ f )
f
*  x , c o s < p ' * c' o s ‘p-
; .  -- * . » < (  + * ( i -  g ) c , < p .
VIII
Using these id e n t i t ie s  and summing Az and A g iv e s ,  
C 2 j <*>« 2. f + j g
OLuJ ■ J*** Up
e_
C
2 ^ 0  f  - i f  2  - j f .  "
( f%+V ~fc'**j)ir(f€*t+t y"*^)J
$  jst/9(fcosU?01 + - in t4te£ C^( sm fl+WC0<9<PJls  xtzi e ^ c o  s
which i s  the re su ltin g  tran sien t term from 1^.
Now w ritin g  the resid ues for I 2 at the same 
p o les  g iv es
*  z  ^  \  / i  .  I sm  &
X  sm d?
2 j
C* + j*o)'e  /
C * + i* > o ) ‘*~+ 
( o L - j* c ) .e
Col -  Ju>0) x -f uP^
Here, in  the numerators,
(ti. + j  u?0)  -  oi1" t  j  2* **>o ~ ojJ ” e  ( f  +Jg}  — up1:
(oL -  j  uPQ^  -  <*X -  j ZoLu>o -  u>x *  Cf ~S f )  ~ 
Hence, s in ce  the denominators are 2 j  u/0C. ( f  ±j f ) f 
r a t io n a lis in g  and adding A^  and g iv e s ,
/9r + * t  * z ™ * *  "  '  '
2  j uj0 C .
~cCt
Isin 9 e
2 j ^ c
f  - t J - C f + i j )  . e ; V  
f x -t %x -  t*>x ( f - J 9 )  e - i ^ l
f % + F  J .
f  W  <4>%Cf+)&.
I  ~  + r
*  - " - ; T  e ~ j
I  Sth 0. € sinujff ) t
u° c -
_ *>. ../- •> > ■  e - J ^ l
"ofCf'+f- ) J
_ Xsma-B— smij t t  -  £/z/e '**stn  f i f e .  osug t. cc s&,
Ht. sm.toe t  £ci»(p + £ ( I-  J to tf lJ+
This i s  the tran sien t term r e su lt in g  frbm 12* Hence 
th e  f u l l  tra n sien t term i s  the summation o f  
(Aj + Aj^  + A5 + A^). ^
rf3 t  i- f l s  t  *  1^ —  JW &  s m  u jg t -  I l z l e ^ m e s i n t p c c t u J :
+  sw  & c o f fe e s  t4>9 b  - f  — sm  0 s m  ( fsm u p 0t  
- f  *  c,cs&  sw ipsm u>0t +  ~ *os&co$(jPsmti>0tUpff ***0
f  r £ o0  ~ -;+)***&■s m s *•«~ * * J '
Now the la s t  term in  the brackets g iv e s ,
j £ / i -  “ i ) c . t ( p  ^  1
*  (  W V  T u/e L *  ^  I
CO t> U>’x -  Cc/g’
u » i T ^ + g V  W -2 .
-  2 (■ * * '"  ~
Z° J~ ( f '  + gx).
u> (- 2a.) ^ 4  2. <x*
* J ( * % + P )  / f c *  + *>*}
— g/n (p + £~ co s cf.
UPq * <*>0 7
Hence the  l a s t  term becom es,
~  J C O *  C p  *  i n  *  ~ 2  * • *  f i s t *  P . S M t t y t
c.os (f,sm  tP.smuJ't,
Thus grouping the term s, the transient so lu tio n  
fo r  the c ir c u it  i s ,
Wxxxi;xx 1 0  u x io  r c i i u x r c u  I ' e s s u x u .
Although the form o f the r e su lt  presented above 
has been found by o th ers, mainly by c la s s ic a l  
ca lcu lu s  a n a ly s is , the r e su lt  normally obtained from 
an op eration al a n a ly s is  i s  composed of complex and 
conjugate impedance term s, y ie ld in g  l i t t l e  inform ation  
without considerable in terp reta tion *  Therefore, 
the novel method o f m anipulation o f  the residues shown 
above was developed to  obtain  the sim plest r e s u lt ,  
and c la r i f y  the procedure* It a lso  f a c i l i t a t e s  the 
m od ifica tion  required fo r  the sp e c ia l case  o f u) * 
when a second order p o le  i s  obtained.
sm ux
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